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Calibration slope

Air mass flow rate

Units

S-I

m3/j.s 2

m3/j. s 2

m/s

m

s

V/W

kg- m2/s 2

kg. m/s 2

J's

W/m .s _

W/m .s _

W/m .s -1

V/V

V/ppm

g/s
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S
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AVL

Description

Fuel mass flow rate

Molecular weight

Number density of rovibronic level

Initial number density of lower laser-coupled level

NO number density

Electronic quenching rate coefficient

Rotational relaxation rate between specific levels

Signal

Swirl number

Temperature
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Collection volume

Fluorescence voltage measured by photomultiplier tube

Vibrational relaxation rate in the lower electronic state

Stimulated absorption rate coefficient

Stimulated emission rate coefficient

Photoionization rate coefficient

Mole fraction

Mixture fraction

Description

Efficiency of the collection optics

Absolute uncertainty (95% confidence limit)

Laser spectral FWHM

Fluorescence emission

Relative uncertainty (95% confidence limit)
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g/s

kg/kmol

cm -3

cm -3

cm -3

S'!

S-I

V

K

cm 3

V

S-I

S-I

S-I

S-I

Unit_

S-!

W/cm •sr
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Dimensionless spectral overlap integral

Frequency of fluorescence transition
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Transmission
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sr
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h
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P
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sOOt

Description

Actual NO concentration
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Referenced to calibration flame

Referenced to the entire flame

Referenced to a particular height within the flame

Specific rovibronic level
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LDI flame

Net value

NO-based value

NO2-based value

Off-line wavelength

On-line wavelength

Referenced to products

ppm-based measurement

NO concentration relative to the calibration flame

Soot-based measurement

Unit..___s
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ABSTRACT

Lean direct-injection(LDI) spray flamesoffer the possibility of reducingNOx

emissionsfrom gasturbinesby rapid mixing of the liquid fuel and air soasto drive the

flame structure toward partially-premixed conditions. We consider the technical

approachesrequired to utilize laser-inducedfluorescencemethods for quantitatively

measuringNO concentrationsin high-pressureLDI spray flames. In the progression

from atmosphericto high-pressuremeasurements,theLIF methodrequiresa shift from

the saturatedto the linear regimeof fluorescencemeasurements.As such,we discuss

quantitative,spatially resolvedlaser-saturatedfluorescence(LSF), linear laser-induced

fluorescence(LIF), and planarlaser-inducedfluorescence(PLIF) measurementsof NO

concentrationin LDI sprayflames.

Spatially-resolvedLIF measurementsof NO concentration(ppm)arereportedfor

preheated,LDI sprayflamesat pressuresof 2-5 atm. The sprayis producedby a hollow-

cone,pressure-atomizednozzle supplied with liquid heptane. NO is excited via the

Qz(26.5)transitionof they(0,0)band. Detectionis performedin a 2-nmregioncentered

on the y(0,1) band. A complete schemeis developedby which quantitative NO

concentrationsin high-pressureLDI spray flamescanbe measuredby applying linear

LIF. NO is dopedinto the reactantsandconvectedthroughthe flame with no apparent

destruction,thus allowing an NO fluorescencecalibrationto be taken inside the flame

environment.The in-situ calibrationschemeis validatedby comparisonsto a reference

flame. QuantitativeNO profilesarepresentedandanalyzedsoasto betterunderstandthe

operation of lean-direct injectors for gas turbine combustors. Moreover, parametric

studiesareprovidedfor variationsin pressure,air-preheattemperature,andequivalence

ratio. Similar parametricstudiesareperformedfor lean,premixed-prevaporizedflames

to permit comparisonsto thosefor LDI flames.
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Finally, PLIF is expanded to high pressure in an effort to quantify the detected

fluorescence image for LDI flames. Success is achieved by correcting the PLIF

calibration via a single-point LIF measurement. This procedure removes the influence of

any preferential background that occurs in the PLIF detection window. In general, both

the L]F and PLIF measurements verify that the LDI strategy could be used to reduce NOx

emissions in future gas turbine combustors.
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1. INTRODUCTION

The drive to engineer more efficient gas-turbine combustors, while producing

pollutant levels below the strict limits set by government regulations, has resulted in a

vast body of research to improve our understanding of these complex devices.

Nevertheless, continuing advances in experimentation and computational modeling are

necessary to integrate the many aspects of gas-turbine combustion, including turbulence-

chemistry interactions (Gupta et al., 1997; Gupta et al., 1991), pollutant production

(Polifke et aL, 1996), fuel patternation (Locke et al., 1998), and temperature distribution

(Ghaffarpour, 1993). Much of this research is ultimately aimed at reducing NOx

emissions. Of the numerous possibilities to approach NOx reduction, the utilization of

swirl-based geometries provides excellent potential. In general, swirl is imparted to the

combustion air via annular guide vanes or by upstream tangential air injection (see Fig.

1.1). The effect of swirl is to create a torroidal recirculation zone which, for non-

premixed combustion, promotes more efficient fuel/air mixing and provides flame

stabilization. For premixed combustion, re.circulation produces a region of hot

combustion products that aids in flame anchoring at either an upstream or downstream

stagnation point (Yegian and Cheng, 1998).

Laser-induced fluorescence (LIF) and its variations are the predominant optical

technique utilized over the past decade to make minor-species concentration

measurements in laboratory flames. Laser-based diagnostic techniques such as LIF have

undergone extensive development and refinement, and have achieved an ability to

produce quantitative measurements of minor species, such as nitric oxide, with accuracies

of +_20% and detection limits approaching 1 part-per-million (Reisel et aI., 1993).

This research has been designed to advance the diagnostic capabilities of the LIF

technique and to utilize these advancements in spray flames that simulate real gas-turbine



conditions. The leandirect-injection(LDI) geometryof Figure 1.1 wasselectedasthe

primaryburnerof interest. In thisconfiguration,thesprayis producedby a hollow-cone,

pressure-atomizednozzleand injectedinto swirling air that exits the burner,thusmixing

the fuel and air fast enough to achievepartially-premixedconditions. This flame

geometryis characterizedby a torrodial recirculationzone that servesas the primary

stability mechanism. We have utilized this geometryat high pressures(2-5 atm) to

developbothLIF andplanar-LIF..........techniquescapableof quantitativemeasurementsof NO

concentrations[NO]. Recognizingthat aprimary competitorto the LDI configurationis

the lean, premixed-prevaporized(LPP) burner (Fig. 1.2), we have modified the LDI

geometryso that the fuel isinjected upstreamof the exit, thus producinga premixed,

swirling flame. Similar LIF work is performedin this configuration so as to make

comparisonswith theLDI measurements.

In Chapter2, we reviewrelevantliteratureandthetechnicalapproachrequiredto

utilize laser-inducedfluorescence(LI_ methodsfor quantitatively measuring[NO] in

atmosphericLDI spray flames. In the progressionfrom atmosphericto high-pressure

measurements,the LIF methodrequiresa shift from thesaturatedto the linear regimeof

fluorescencemeasurements.As such,we discussquantitative,spatially resolvedlaser-

saturatedfluorescence(LSF), linear laser-inducedfluorescence(LIF), and planar laser-

induced fluorescence(PLIF) measurementsof NO concentrationin atmospheric,LDI

sprayflames.

The experimentalapparatususedin performingthe high-pressuremeasurements

is presentedin Chapter3, with descriptionsof the LIF and PLIF facilities. Chapter4

presentsthe first quantitativeLIF measurementsof NO concentrationobtainedin anLDI

burner at high pressure(2 atm). The techniquedevelopedfor thesemeasurementsis

subsequentlyutilized to characterizetheoperationof LDI sprayflamesat pressuresup to

5atm.

.... Ch_apter5 presentsa comprehensive-mappingof theLDI spray flame at high

pressures.The degreeof uniformity inside the recirculationzoneis exemplified by the

resultsof this work. QuantitativeradialNO profilesarepresentedat 2.09,3.18,4.27,and

5.35atmandanalyzedsoasto betterunderstandtheoperationof lean-directinjectors for



gasturbine combustors. DownstreamNO measurementsin theLDI flames indicatean

overall pressurescalingcorrespondingto p0.Ta.Chapter6 continueswith a parametric

study of the4.27-atmflameby varying the air-preheattemperatureand the equivalence

ratio. A uniquecorrelationrelatingNO to _2is reportedand discussed.Chapter7 then

repeatstheseparametricstudiesin a lean, premixed-prevaporizedflame to provide a

comparisonto theLDI investigation.

Chapter 8 reports planar laser-inducedfluorescence(PLIF) measurementsof

[NO] for the 4.27-atmLDI sprayflame. The feasibility of using PLIF in lieu of LIF is

assessedwith respectto measuringNO concentrationsin high-pressureLDI sprayflames.

Excitation scansand calibrationcomparisonsare performedto assessthe background

contribution for PLIF detection. Quantitativeradial NO profiles measuredby LIF are

presentedand analyzedso asto correct the PLIF measurementsto within the accuracy

barsof the LIF measurementsvia a single-point scalingof the PLIF image. Overall

conclusionsandrecommendationsfor the continuationof this work to higherpressures

aremadein Chapter9.
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Figure 1.1: Generic lean direct-injection burner layout.
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Figure 1.2: Generic lean premixed-prevaporized burner layout.
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2. BACKGROUND AND PREVIOUS ATMOSPEHRIC MEASUREMENTS

2.1 Introduction

The combustion diagnostics community has recently begun to focus its efforts

toward practical combustion devices. One impetus behind this effort is the need to

develop aeropropulsion gas turbine combustors with ultra-low NOx emissions. For the

Purduepast several years, the Flame Diagnostics Laboratory at _ University has been

advancing optically non-intrusive techniques to measure concentrations of nitric oxide
....... ~

[NO] in lean direct-injection (LDI) spray flames. LDI flames offer the possibility of

reducing NOx emissions from gas turbines by rapid mixing of the liquid fuel and air so as

to drive the flame structure toward partially premixed conditions. In this chapter, we

review relevant literature and the technical approach requi_d to utilize laser-induced

fluorescence (LIF) methods for quantitatively measuring [NO] in atmospheric LDI spray

flames. In the progression from atmospheric to high-pressure measurements, the LIF

method requires a shift from the saturated to the linear regime of fluorescence

measurements. As such, we discuss quantitative, spatially resolved laser-saturated

fluorescence (LSF), linear laser-induced fluorescence (LIF), and planar laser-induced

fluorescence (PLIF) measurements of NO concentration in atmospheric, LDI spray

flames. In general, the results are comparable, although novel filtering techniques are

required at higher flame pressures.

2.2 Background

With the onset of stringent NOx emissions standards over the last few decades, the

attention of the combustion diagnostics community has turned to quantitatively

measuring NO concentrations in practical combustion devices. In particular, many

i

It

m
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researchers have probed liquid-fueled spray flames to better understand the complex

flowfields associated with this type of turbulent reactive flow. Structural experimentation

has focused on velocity and temperature distributions so as to offer general insight and to

aid in the development of numerical models for the flowfield. Lee and Chehroudi (1995),

for example, investigated the structure of a swirling, hollow-cone spray flame similar to

that occurring in the primary zone of a gas turbine combustor, though at atmospheric

pressure. They proposed a mean spray structure based on measurements of the drop-size

distribution and of the mean and rms values of the axial, radial, and tangential drop

velocities. Similarly, Bulzan (1995) investigated a swirl-stabilized, pressure-atomized,

liquid-spray flame by measuring both the gas- and liquid-phase velocity distributions, the

drop-size distribution, and gas-phase temperature profiles.

Spray flames pose a particularly daunting challenge to diagnosticians who seek

quantitative measurements of species concentrations. Inefficient atomization of the fuel

can introduce very large Mie scattering interferences, particularly in the near-field spray

region. Because of the large molecular weights of typical hydrocarbon fuels and fuel

fragments, fluorescence from unburned hydrocarbons (UHC) and polycyclic aromatic

hydrocarbons (PAH) often pose a challenge to selective detection of the spectral

signature from those species of interest. Nevertheless, the most prominent optical

method for qualitatfi, eIy measuring species concentrations in spray flames has been

planar laser-induced fluorescence (PLIF).

Allen et al. (1994) obtained qualitative PLIF images of OH concentration in a

heptane-air spray flame burning over a pressure range of 0.1 to 0.8 MPa. They tested

both solid and hollow-cone spray nozzles. In this work, the effect of interfering PAH

fluorescence was assessed by using a spectrometer to spectrally separate the fluorescence

into individual features. Hydroxyl excitation was achieved by employing the P_(8)

transition at 285.67 nm. A laser-induced signal was discovered, exhibiting features at

350 rim, 400 rim, and 450 rim, but on a quasi-continuum background when operating at

atmospheric pressure. The strength and spectral characteristics of this broad background

were observed to be independent of excitation wavelength within a 5-nm region centered

on the P_(8) transition, which indicates a broad absorbing species such as a heavy
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hydrocarbon. As the pressurerose, the abovespectralfeaturesbecamenon-discernable

andexhibitedap2 increasein fluorescencestrength.

In an extensionof their 1994work, Allen et aI. (1995) performed similar [OI-I]

imaging in ethanol flames and further assessed the effects of PAH interferences. With

respect to NO measurements, Allen et al. (1995) proposed that excitation near 226 nm

may produce more severe laser-attenuation and hence PAH fluorescence. To test this

conjecture, Upshulte et al. (1996) obtained qualitative PLIF images of NO, O2, and fuel

vapor by employing excitation wavelengths of 226 nm and 308 nm. Measurements were

made for ethanol fuel in the same high-pressure, spray-flame combustor used by Allen et

al. (i994). As expected, a broad interference signal attributed to PAH was discovered

and assigned to a nominal 5% of the NO signal at atmospheric pressure.

Locke et al. (1995) utilized PLIF with 282-nm excitation to image OH

concentrations in a high-pressure (10-14 atm) combustor supplied with Jet-A fuel (0.59-

0.83 kg/s) through lean direct-injection (0=0.41-0.53)' With preheated air (811-866 K).

Though this work only assessed the qualitative distribution of OH radicals in the reacting

flow, the combustor was designed to simulate actual gas turbine conditions. The authors

found that elastically scattered light and PAH fluorescence were not evident in the

downstream regions of their direct injection combustor. This was a significant

contribution to the combustion diagnostics community, as quantitative measurements at

real-world conditions are an end goal of spray flame optical diagnostics, and the

interferences mentioned are a severe limitation for many measurement environments.

Rile PLIF images offer significant information on the chosen flowfields,

barriers to quantitative measurements have not been completely overcome by the current

technology. Some of these barriers include (1) spatial variations in the electronic

quenching rate coefficient, (2) interferences from other species owing to broadband

detection, and (3) absorption of the laser sheet as it passes through the control volume. In

an effort to make PLIF concentration images quantitative, Cooper et ai_(i998) developed

a procedure whereby qualitative PLIF images in spray flames can be scaled to a single

laser-saturated fluorescence (LSF) measurement so as to make the images quantitative

within the error bars of the more accurate LSF point data. The quantitative nature of the

|
E

E
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LSF measurements arises from the fluorescence being nearly independent of both laser

irradiance and the electronic quenching rate coefficient.

This chapter is concerned with the advancement of laser-induced fluorescence

techniques for measuring NO in swirling, liquid-fueled spray flames incorporating a

hollow-cone, pressure-atomized nozzle. The spray flame is based on the lean direct-

injection (LDI) configuration, which is of current importance to gas turbine combustion.

The end goal of this work is to develop a laser-induced fluorescence technique capable of

measuring quantitative NO concentrations in LDI-based spray flames at high pressure.

We begin by reviewing similar measurements at atmospheric pressure. We then use

these results to suggest improvements for application to high-pressure spray flames, as

pursued in later chapters.

2.3 Laser-Induced Fluorescence Methodology

Two distinct regimes exist by which to excite molecules via laser-induced

fluorescence measurements (Laurendeau and Goldsmith, 1989). The first and most

prominent technique is termed linear laser-induced fluorescence (typically referred to as

LIF). In this regime the excited population and hence the fluorescence is directly

proportional to the laser spectral irradiance and is inversely proportional to the electronic

quenching rate coefficient. The limitation of this technique lies in its dependence upon

the electronic quenching rate coefficient. Collisional quenching induces a non-radiative

transition that directly reduces the excited-state population of the molecule and thus the

fluorescence signal. LIF techniques generally require the transport of an NO

fluorescence calibration from a reference flame into the flame of interest. However, this

calibration procedure is acceptable only when both flames can be sufficiently modeled so

as to estimate the electronic quenching rate coefficient, which depends on the local

species composition, pressure, and temperature.

The second technique is termed laser-saturated fluorescence (LSF) and relies on

pumping the population of the excited state toward the maximum population allowed by

molecular dynamics. At this point, the excited population is essentially independent of
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the laser power and the electronicquenchingrate coefficient. This tactic allows the

transport of an NO fluorescencecalibration into flames that cannot be adequately

modeled,suchasthe LDI flameusedin this work. However,the large laserirradiances

required_can severelydepopulatethe ground rovibronic level so that repopulationby
? , ±:

neighboring rotational levels through rotational energy transfer _T)causes concern

when attempting to model the molecular dyn_C process. X simplified model that

allows for PET population transfer is the balanced cross-rate model proposed by I_,ucht et

aI. (1980). In this model, the validity of the LSF technique rests on a balance between

repopulation into the directly-excited ground rovibronic level and depopulation out of the

directly-excited upper rovibronic level.

2.3.1 Two-Level Model

To introduce the dynamics associated with molecular LIF, it is instructive to

consider a two-level model developed for many atomic species and a limited number of

molecular species. Though not fully representative of molecular dynamics, the two-level

approach will implicitly be assumed to model the molecular rovibronic levels in the

ground and excited electronic states. A schematic of the rate processes involved in this

model is illustrated in Figure 3.1. -

Following the description of the two-level model detailed by Laurendeau and

Goldsmith (1989), four assumptions are maddf-

1. The excitation beam is uniform and linearly polarized.

2. The entire population is assumed to be in level 1 prior to laser

exci-tffti0n, i.e. N l + Nz = N_.

3. The sampled fluorescence signal is measured at the temporal peak of the

emissive pulse, for which tlae l_pulation in level 2 is ai steady state.

4. The fluorescence signal consistsofa Single wavelength corresponding to

_the spontaneous emission from level 2 to level 1.

Based on the above assumptions, six rate processes are shown in Figure 2.1. These

.........processes and their corresponding rate coefficients (s I are: stimulated absorption (W12),
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stimulated emission (W21),spontaneousemission (A21),collisional quenching (Q21),

photoionization (W2i), and predissociation (P). Photoionization and predissociation are

shown for completeness and will be assumed negligible in the derivation that follows.

Most exited states are not predissociative unless specifically chosen to be so, and

photoionization can often be neglected for modest laser irradiances.

Considering the remaining four rate processes, rate equations for the upper and

lower level populations can be written as

dN I
- N,W, +A, (2.1)

dt

and

tiN2 -N,W_2-N2(W2t +A'2, +Q21) (2.2)
dt

Adding Eq. (2.1)and Eq. (2.2)yields

d(N, +N2)

dt
= 0, (2.3)

Eckbreth (1996), we find that

Wl2 =B_2f Io(v)g(v)dv, (2.5)
C -

/)

where BI2 is the Einstein coefficient for stimulated absorption (m3/j.s2), lo(v ) is the

laser spectral irradiance (W/m 2 .s-l), and g(1.')is the absorption lineshape (s) which is

defined so that

f g(v)dv= 1. (2.6)

which verifies assumption number two, namely that

N, + N 2 = N_*. (2.4)

Before proceeding to solve for the upper population as a function of the initial

population, we must expand the rate coefficient for stimulated absorption. Following
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2

W12 W21 m21 Q21

Figure 2.1: Schematic of two-level model for LIF. The rate coefficients shown are

stimulated absorption (Wit), stimulated emission (W21), spontaneous

emission (A21), collisional quenching (Q21), photoionization (W2i), and

predissociation (P).
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Thus, the excitation efficiency dependson the spectraloverlapbetweenthe laser and

absorptionlineshape. Employing PartridgeandLaurendeau's(1995)nomenclature,we

definethelaserspectralirradianceas

Iv(v)= I*oL(v), (2.7)

wherein, is the normalized laser spectral irradiance and L(v) is the laser spectral

distribution function which is normalized as

f  vlav= Avt-, (2.8)
V

where At't. is the laser spectral FWHM. The laser irradiance,/, is thus related to the laser

spectral irradiance by

Using the

becomes

above

I = I*oAvt-. (2.9)

nomenclature, we find that the stimulated absorption coefficient

W_2 = B_----&2I_,F, (2.10a)
C

where F is the dimensionless spectral overlap integral defined by

F = f L(v)g(v)dv.

Similarly, for stimulated emission,

(2.1 1)

glB12 = g2B21. (2.12)

At the peak of the fluorescence pulse, for which the population in level 2 has

reached steady state and 2V2 = 0, Eqs. (2.1) and (2.4) can be combined to yield

N 2 = N_ ]. (2.13)Wn I_ 1WI2 d- W21 1+ A2' + Q2,

+

degeneracies of the upper and lower levels (gl and g2) by

where the Einstein coefficients for stimulated absorption and emission are related to the

W21 - B21 I_F , (2.10b)
C
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To more effectively relate the exited population to the laser power, we define

17 +- c. (2.14)
B,_ + B21

Employing F_.xI.(3.10), we can now manipulate Eq. (2.13) to yield

1]N 2 = N_ sat • (2.15)
l._.z_v

At this point, we define two distinct regimes in which to make LIF measurements.

The first regime requires that I_,F << I_', and is termed linear LIF owing to the linear
: =

dependence of the excited population on laser irradiance. The simplified expression from

Eq. (2.15) is

N_ = N_* B'2 I_,F (2.16)
A21 + Q2 , e

Unfortunately, linear LIF depends on both the laser irradiance and the collisional

quenching environment, which constitutes this method's limitations.

A second operating regime requires that I_,F >> I'o", which gives from Eq. (2.12)

N2 = N1. __ g2 (2.17)
gl + g2

For this saturated LIF regime, the excited population is independent of both the laser

irradiance and the collisional quenching rate coefficient, Q21. This independence

represents the advantage of laser-saturated fluorescence (LSF) over linear LIF. Often the

collisional quenching environment is unknown and cannot be adequately modeled;

therefore, linear LIF measurements wouId remain qualitative, whereas LSF

measurements could be quantified in such environments. A theoretical plot of the

normalized upper level population vs. normalized laser irradiance based on Eq. (2.15) is

shown in Figure 2.2. Note the linear operating regime and the saturated operating

regime. For comparison, an actual broadband fluorescence signal vs. laser irradiance

curve (termed a "saturation curve") was measured in a lean (_--0.8), atmospheric, flat
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Figure 2.2: Theoretical plot of normalized upper level population vs. normalized laser

irradiance based on F_,q. (2.15).
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C2H6/O2/N2 flame stabilized on a McKenna burner with a dilution ratio of 3.76 (see Fig.

2.3).

Returning to the nomenclature of Laurendeau and Goldsmith (1989), the

fluorescence yield ez (W/cm 3. sr)is related to the population of the excited level via

hv:
el- 4_ N2' (2.18)

where v: (s_) representsthe frequency at which the fluorescenceoccurs. For thistwo-

levelmodel, v: isequivalentto the excitationfrequency. Molecular LIF often requires

detectionata wavelength differentfrom theexcitationwavelength owing to Rayleigh and

Mie scatteringinterferences.The fluorescencesignaldepends on both the collection

opticsand the detectionscheme via

V: = flGacVce: , (2.19)

where V/ is the fluorescence voltage measured by the photomultiplier tube, fl is the

efficiency of the collection optics, G is the photomultiplier gain (V/W), _c is the solid

angle of the collection optics (sr), and Vc is the collection volume (cm3). Utilizing Eqs.

(2.18) and (2.19), and the expressions for N2 via linear LIF or LSF in Eqs. (2.16) and

(2.17), the resulting expressions for the measured fluorescence signal as a function of the

initial population in the ground level are:

LIF: V/=(V_NI" ) +Q21)c_hV/A21 fig (2.20)

LSF: V/-_(V_N_)Ig- _ lhv, A2,(flG--_#) (2.21)
g2 : : i--:: 7: :

_ =

For either of the above expressions, the first set of parentheses represents the species

population in the ground level available for excitation. The second set of parentheses

represents the fraction of the ground level population excited to level two, while the third

set represents the fluorescence emitted from the excited population. The fourth set

represents the fraction of that fluorescence collected by the detection system.

=

=

Z
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Figure 2.3 Saturation plot demonstrating the transition from linear to saturation

excitation regimes.
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2.3.2 MolecularDynamicModel

The two-level model is an excellent tool to addressthe basic rate processes

presentin LIF dynamics. For mostspeciesof interestin combustion,however,thetwo-

level modelis not sufficiently accurate.Additional rateprocessesthatmustbeaccounted

for in a completemolecular dynamicsmodel include the depopulationof the directly

excitedlevel via rotationalenergytransfer(RET), vibrationalenergytransfer(VET), and

photoionization.Anotheradvantageof themoleculardynamicapproachlies in its ability

to model not one, but numerousrovibronic transitionsfrom numerousexcited levels.

Carteret al. (1987) assessed the influence of these effects on the LIF dynamics of OH at

high pressure, while Reisel et al. (1993) performed a similar analysis for NO at

atmospheric pressure.

A schematic of the rate processes involved is illustrated in Figure 2.4. As shown,

the upper and lower laser-coupled rovibronic levels are labeled u and l, respectively.

Vibrational quantum numbers in the upper and lower electronic state are labeled v' and

v", respectively. Specific rotational levels in the excited and ground electronic state are

indicated asj and k, respectively. The rate processes of concern and their respective rate

coefficients are stimulated absorption (Wtu), stimulated emission (W_), spontaneous

emission (Aj,k), electronic quenching (Qj, k), vibrational relaxation (Vv,..v,,), rotational

relation (Rj, k), and photoionization (W,.). For reasons to be discussed, vibrational

relaxation is only considered in the ground electronic state. Electronic quenching,

vibrational relaxation and rotational relaxation are similar in that these processes involve

collisional transfer of energy with another molecule.

This molecular LIF model contains numerous paths for energy transfer not

available in the two-level model. Once a molecule is excited into an upper rovibronic

level, five paths are available for energy transfer. The first path is that of

photoionization. The second path is that of spontaneous emission through all available

rovibronic transitions to lower energy levels, labeled globally as A0.0, A0,1, Ao,2, and A0.3

for transitions between the upper v'--0 state to the various vibrational levels in the ground

electronic state. The third path, electronic quenching, involves collisional transfer of

energy and subsequent reversion to the ground electronic state without emission of

w

B



19

radiation. The fourth and fifth paths, vibrational and rotational relaxation, also involve

collisional transfer of energy, and tend to statistically populate the upper and lower

rovibronic manifolds in a process termed "thermalization." Thermalization of a manifold

involves both vibrational and rotational relaxation paths which force the molecular

population toward a statistical Boltzmann distribution based on the environmental

conditions of the molecular species. Upward vibrational relaxation is much less likely on

a statistical basis; hence, vibrational relaxation is not presented in the upper electronic

state shown in Figure 2.4 since the v'---0 level is typically used for the excitation

transition. Typical detection of NO fluorescence occurs in the v"=l level of the ground

electronic state, and vibrational relaxation is included here for completeness.

The cascade of fluorescence from the numerous excited rovibronic levels, which

are coupled with the directly excited level u through rotational relaxation, permits

detection of a vibrational band of fluorescence ('Reisel et al., 1993; Carter and

Laurendeau, 1994), as opposed to a single transition as in the two-level model. This

technique, termed broadband LIF, provides a much larger fluorescence signal, but can

allow interferences from other species owing to its larger detection window.

Photoionization of a molecule has the effect of depleting the excited rovibronic level and

its contribution must be assessed for use in the molecular LIF model. Reisel et al. (1993)

showed the photoionization rate to be comparable to the electronic quenching rate for

saturated LIF studies of NO at atmospheric pressure. For linear LIF studies, however,

photoionization need not be considered owing to the very low laser irradiance.

Following the procedure of the two-level model and the work detailed by Reisel

et aL (1993), we begin by invoking the rate equations for the directly excited upper level

and the rotationally coupled upper levels:

dN_ = NtWlu- N_ {W_ + W/+ _ Q"'_ + _ A_'_ } - _N'Ru j + _NjR_'_'dt k k J,u . _,, (2.22)

and

dN-------L=_{N,_R,_.j-NjRi.m}-Nj{_Qj._+_Aj._}.
dt ,_j k

(2.23)



20

Vilxaxienal l._vels

Figure 2.4: Schematic of molecular dynamic model for LIF. The upper and lower laser-

coupled rovibronic levels are labeled u and l, respectively. Vibrational

quantum numbers in the upper and lower electronic state are labeled as v' and

v", respectively. Specific rotational levels in the excited and ground

electronic state are_ !ndicated as j and k, _respectively. The rate processes of

concern _nd their respective rate coefficients are stimulated absorption (Wt_),

stimulated emission (W,,t), spontaneous emission (Aj.I,), electronic quenching

(Q_.k), vibrational relaxation (Vv,.,,,..), rotational relaxation (Ri,_), and

photoionization (W/).
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To successfully make LIF measurements, the excited population in the upper rotational

manifold, including the directly excited level and the rotationally coupled levels, must

reach a steady-state distribution. We assume that the directly excited population, N,,, is

approximately constant at the peak of the fluorescence pulse and that no significant

depletion occurs in the laser-coupled levels. Since the rate coefficient for spontaneous

emission is much smaller than that for electronic quenching, the influence of spontaneous

emission can be neglected in Eq. (2.23). Solving the differential rate equation (2.23) then

yields

Nj(t) =

where the constants are defined as

and

(2.24)

a = _, NmRm.j (2.24a)

b=ZQj,,+ZRj.,. •
k m_j

(2.24b)

Therefore, when bt > 25, Nj(t) is within 10% of its steady-state population. The total

rotational relaxation rate, _ Rj.., from a given level of NO at atmospheric flame

conditions is on the order of 109 s a (Mallard et aL, 1982), which results in a response

time for an individual rovibronic level on the order of 1 ns or less. Hence, during a

typical 7-ns laser pulse, the entire upper rotational manifold should be approaching

steady state.

Therefore, assuming steady state of the upper rotational manifold population at

the peak of the emissive pulse, we derive the following expressions for the number

density of the directly excited level and the rotationally coupled levels:

NtWt_ + Z N_Rj_,

j_U

N'-W a +W_ + ZQ,,._, + ZA,,., + _--,R,,..i (2.25)
k k j_u
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and

_N,, R,,.j

"'J (2.26)
Nj = ZQi,_ +_Aj, _ + _Rj,m

k k n,r_j

2

For broadb_d LIF,=the fluorescence from each of these transitions can be collected

simultaneously. Through use of Eqs. (2.18) and (2.19), the overall broadband

fluorescence signal will be

where _ is the mean frequency (s a) of the fluorescence transition. Though the above

derivation does not specifically address thejnfluence of rotational energy transfer on
.... 4 2

either linear or saturated LIF, it does reveal the advantage of broadband LIF, namely

more signal when compared to detection of a single transition.

2.3.3 Utilization of Laser-Induced Fluorescence

The atmospheric-pressure study presentedhere provides a step toward high-

pressure measurements by assessing the advantages and disadvantages of the three

common LIF-based techniques: laser-saturated fluorescence (LSF), linear laser-induced

fluorescence (LIF), and planar |as er-induced fluorescence (PLIF). The first two, LSF and

LIF, are spatially and spectrally resolved narrowband measurements which utilize a

monochromator to spectrally filter the fluorescence. The probe volume is defined by the

projection of the limiting aperture in the detection optics onto the laser beam. The last

technique, PLIF, is a spectrally broadband measurement which employs an_ICCD camera
.......................................

with a filter set that typically has a wide spectral detection window and therefore cannot

selectively detect the fluorescence of a single species. PLIF measurements capture a

complete 2-D image of the fluorescence_ induced by the laser sheet as it transverses the

flame. Pressure-broadening of the absorption transition will mandate the use of a linear

technique at high pressure. As such, the atmospheric study was designed to determine

the ability of the linear techniques to quantitatively measure NO concentration. In
z

=
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addition, consideration must be given to spectral studies so as to avoid detection of rogue

species. Such studies must assess both scattering and fluorescence interferences that are

often present in the harsh environment of a spray flame.

2.4 Experimental Apparatus

2.4.1 Optical System

The requisite UV radiation for NO excitation was produced using a Quanta-Ray

GCR-4 Nd:YAG laser, a PDL-3 dye laser, and a WEX-2C wavelength extender. The

Nd:YAG laser incorporated an injection seeder (model 6300) to force a single

longitudinal mode in the laser cavity, which produces a fundamental output vertically-

polarized at 1064 nm. The Nd:YAG fundamental was then frequency doubled (532 nm)

via angle-tuned, type II phase matching in a temperature-stabilized KD*P (KD2PO4)

crystal housed in a harmonic generator (model HG-II). The resulting horizontally-

polarized, 532-nm beam and concentric, vertically-polarized, 1064-nm beam were

spatially separated via a dichroic harmonic separator (model DHS-2) by employing two

dichroic mirrors centered at 532 nm. The ensuing vertically-polarized, Nd:YAG second

harmonic was used to pump a tunable dye laser (model PDL-3). Pyrromethene 580 dye

(Partridge and Laurendeau, 1994) was dissolved in 100% ethanol and employed in both

the oscillator and amplifier stages with concentrations of 8.6 x 10 -4 M and 1.2 x 10-4 M,

respectively. The PDL oscillator grating drive was modified and interfaced to a 100-to-1

gear reducer and a 200 step-per-revolution stepper motor that provided a spectral

resolution of 4.8 x 10 -5 nm/step in the PDL fundamental (574 nm).

The vertically-polarized dye fundamental was then frequency doubled (287 nm)

via angle-tuned, type I phase matching within a KD*P crystal housed in the CM-1

module of a WEX-2C wavelength extender. The residual vertically-polarized Nd:YAG

fundamental from the HG-II harmonic generator was frequency mixed with the dye

second harmonic via angle-tuned, type I phase matching within a KD*P crystal housed in

the CM-2 module of the WEX-2C. This frequency mixing process yields an excitation
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wavelengthof -226 nm. The excitation beam was spatially separated from the residual

concentric beams (1064, 574, 287 nm) via a Pellin-Broca prism and exited the WEX-2C

in a vertically-polarized state. In addition, a Fabry-Perot wavelength stabilization system

operating at 572 nm was used to control PDL drift (Cooper and Laurendeau, 1997a).

The optical elements common to both the LSF and LIF experiments are shown

schematically in Figure 2.5. The UV radiation exited the WEX-2C vertically polarized

and was steered using dichroic mirror M1 (CVI model KRF-1037-0). The maximum

beam energy at this point was -7 mJ/pulse. A filter stack (FS1) was used as a gross

• :attenuator, while a Rochon Prism (RP) was used for fine attem!ation of the beam power.

Apertures A1 and A 2 were used to block scattering and reflections from optical surfaces.

Additionally, aperture A2 limited the diameter of the laser input to the spherical lens,

SL1, to -6 mm. A 1000-mm focal length, fused-silica lens (Newport model SPX034),

SL1, was used to focusthe laser beam into the probe volume. Fused-silica splitter plates

SP1 and SP2 were used to split off -10% of the beam for power monitoring via

photodiodes PD:A and PD:B. A fused-silica right angle prism (CVI model RAP-050-

UV) was used to direct the beam over the burner. Aperture A3 was positioned prior to

the burner and was used to eliminate forward scattering and off-axis focusing in the probe

volume. For the LSF experiments, FS1 and RP were removed since attenuation of the

beam power was not necessary.

A portion of the isotropic fluorescence emitted from the NO molecules in the

probe volume was captured and collimated by a 50-mm diameter, 254-mm focal length,

fused silica spherical lens (CVI model PLCX-50.8-130.8-UV) which is labeled SL2 in

Figure 2.5. To raise the collimated beam vertically to the monochromator entrance slit

height, we used an image rotator, IR, and a 76-ram diameter mirror, M2 (CVI model

PAUV-PM-3050-C). The image rotator consisted of two mirrors identical to M2, which

rotated the probe volume image so that it was aligned parallel to the vertical entrance slit

of the monochromator. A second lens SL3, identical to SL2, was used to focus the

fluorescence onto the monochromator entrance slit. _ _ - :

The above collection optics layout produced a magnification of unity and an f-

number (f/#) of f/5.9. The unity magnification resulted in a probe volume that is the

it
m

=
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Figure 2.5: Schematic diagram of the experimental apparatus: M: mirror, FS: filter

stack, RP: Rochon prism, A: aperture, SL: spherical lens, SP: splitter

plate, PD: photodiode, IR: image rotator, LA: linear array, RAP: right

angle prism.
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projectionof themonochromatorentranceslit overthe laserbeamaxis. To optimizeboth

the throughput and the theoretical spectral resolution of the monochromator, the

collection optics were configured such that the f/# closely matched that of the

monochromator.Thecollectionopticswerelimited to f/5.9, whereasthemonochromator

f/# wasf/6.0.

The fluorescencefrom NO and other interfering specieswas spectrally filtered

usinga SPEX model 1700_-m monochromator.The entranceslit includeda vertically

positioned,steppeddiaphragm(2, 5, and 10 mm tall) and three Hartmanndiaphragm

settings(1 mm tall) to limit the projectedcollection volume along the axis of the laser
r

beam. A 110-mm x 110-mm, 1200 groove/mm holographic grating with a 250-nm blaze

angle was used in first order to provide a dispersion of 1.1 nrn/mm. The monochromator

grating drive incorporated a 50-to-1 gear reducer and a 200 step-per-revolution stepper

motor to provide a minimum spectral resolution of-3 x 10 -4 nm/step.

The entrance slit settings were adjusted depending on the type of experiment

performed. For the LSF experiments, the entrance slit was 68-txm wide and 1-mm tall

(Hartmann setting no. 2).-This setting defined a cross-sectional area 68-_m wide along

the diameter of the laser beam and 1-mm long along the axis of the laser beam. For an

-240-p,m beam waist, this slit setting spatially integrated only the center -26% of the

beam, thus avoiding linear fluorescence along the wings of the laser beam. However, the

collection scheme was still sensitive to depth-of-field wing effects (Reisel et al., 1993;

Carter et al., 1992). For the LIF experiments, the entrance slit width was opened to

match the beam waist. In this manner, the entire spatial fluorescence was captured which

ensured the inclusion of the linear wings, thus minimizing the focused portion along the

centerline which could tend toward partial saturation.

The exit slit width was set to 1.818 ram, thus defining an integrated spectral

region of -2 nm FWHM in the LSF and LIF experiments. This setting was chosen based

on extensive work by previous researchers (Reisel et al., 1993; Partridge et al., 1996).

The detection sensor is a photomultiplier tube (Hamamatsu model R106UH-HA) wired

for fast temporal response (Harris et al., 1976).
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For the PLIF experiments,a laser sheet, -550 lain wide by 18 mm tall, is

generatedvia a cylindrical lens (Newport model SPX034)usedin place of SL1, and

passedthrough the probe volume for NO excitation. A PrincetonInstrumentsmodel

ICCD-576TC-RGproximity focusedICCD detectorincorporatinga 578 x 384 pixel,

charge-coupleddevice(CCD) (ThomsonmodelCSF7883)with 23-1xrnsquarepixelswas

utilized for detectionof the NO fluorescence. The fluorescencewas focusedon the

ICCD detectorby utilizing anaberration-corrected,five fused-silicaelement,UV-Micro-

Nikkor, 105-mmfocal-lengthf/4.5 lens(Nikon Corp.,Melville, NY), suchthat eachpixel

correspondsto a 77-btmsquarein the image plane of the flame. A filter set (FS2)

consistingof a wide-bandinterferencefilter (92-nmFWHM) spectrallycenteredat 250

nm (Acton model250-W-2S),andcoupledwith 6 mm of a UG5 CG filter, wasusedto

reducetheMie scatteringfrom theliquid droplets. This filter schemewasselectedbased

on previous work (Partridge et al., 1996) and provides an -70-nm FHWM spectral

window with a peak transmission at 270 nm.

An ICCD thermoelectric cooler was used in conjunction with an external water

chiller/circulator (Lauda model RMT-6, Brinkman Instruments) to reduce the temperature

of the ICCD to -32°C. A pulse generator (Princeton Instruments model FG-100) was

used to produce a gate of 30 ns to the ICCD. Operation of the ICCD and supporting

hardware was effected by a detector/controller (Princeton Instruments model ST-130).

The user interface to the ICCD system was provided by CSMA software (version 2.3A,

Princeton Instruments), which was also used for all image analysis and reduction.

2.4.2 LDI burner

The burner utilized here is based on a lean-direct injection (LDI) design and

typifies that used in the primary zone of advanced gas turbine combustors. The stainless

steel LDI module (16.5 cm x 3.8 cm dia.) accommodates a fuel tube (6.4 mm dia.) that

enters the module co-axially at the bottom (see Fig. 2.6). For operation at atmospheric

pressure, a 60" helical swider (22.9 mm dia.) is mounted at the top of the fuel delivery

tube. The swirler itself is tapped to allow a Delavan 6-mm peanut nozzle (Flow# = 0.4)
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22.9 mm ID

Figure 2.6: Schematic of atmospheric LDI burner. i

m
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with a 62" spray cone to be directly threaded into the swirler. The nozzle is positioned

vertically relative to the converging/diverging orifice (12.7 mm dia. at 40°). The depth of

the nozzle below this orifice is adjustable via a slide-through fitting located at the bottom

of the module. The air is preheated to 475 K, delivered perpendicular to the module axis,

and passed through packed glass beads (-1.5 mm dia.) that fill the module cavity (22.9

mm dia.). The glass beads ensure purely vertical flow of the air entering the air swirler.

The swirling motion of the air imparted by the helical vanes in this type of burner

will affect the combustion efficiency, temperature distribution, and exhaust species

concentrations (Jones and Wilhelmi, 1989). Rink and Lefebvre (1989) have performed a

study of the effect of general spray characteristics on NO formation and have shown that

NOx emissions depend on inlet air temperature, combustion pressure, fuel H/C ratio, and

atomization quality. The drop size, which affects combustion efficiency, depends

strongly on the axial and radial flow velocities, but is apparently independent of the

azimuthal velocity (McDonnel et aI., 1992).

For the work presented here, the LDI burner was operated at an overall

equivalence ratio of unity, based on mass inputs to the burner. Since the flame is

unconfined, entrained air will lower the effective equivalence ratio. This operating point

was chosen for our initial atmospheric measurements to provide ample NO and thus

enhanced fluorescence signals to the detection systems. At higher pressures, leaner

overall equivalence ratios are considered, as detailed in Chapters 5 and 6.

2.5 Experimental Approach at Atmospheric Pressure

2.5.1 Spectroscopic Considerations

Previous work in our laboratory has shown considerable success when performing

quantitative narrowband NO concentration measurements in a variety of flames (Reisel

and Laurendeau, 1995; Thomsen et al., 1997; Cooper and Laurendeau, 1997b).

Typically, excitation of the Q2(26.5) line of the _,(0,0) vibrational band of NO at 225.58

nm is followed by detection of the ¥(0,1) vibrational band with a 2-nm window centered
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at 235.78nm. This combinationhasbeenselectedbasedon extensiveinterferenceand

backgroundinvestigations(Reiselet al., 1993; Partridge et al., 1996). To facilitate use of

this excitation/detection scheme in a liquid droplet environment, we must consider the

possible effects of Mie scattering interference, fuel and fuel-fragment fluorescence, and

laser beam extinction. Fortunately, extinction in our LDI flame is minimal, with a

maximum of 7% attenuation of the beam at the 2.5-ram axial height.

2.5.2 Mie Scattering Profiles

Dense droplet regions in spray flames often pose the greatest challenge to

selectively detecting minor species. The large laser irradiances employed for the

saturated-LIF technique exacerbate Mie-scattering breakthrough in monochromators

since the NO signal saturates while that for Mie scattering remains linc.arly proportional

to laser power. In our case, the narrowband detection window is shifted only ~10 nm

from the excitation wavelength. Because of this small shift, the NO fluorescence is

superimposed on a background largely comprised of Mie scattering from dense droplet

regions. These locations also offer possible fluorescence from fuel, fuel fragments, and

unburned hydrocarbons (UHC). In particular, when measuring NO fluorescence using a

broadband PLIF system, fluorescence must be considered from polycyclic aromatic

hydrocarbons (PAH). An effective means to locate those regions in spray flames that are

densely packed with droplets is to measure scattering profiles. Scattered light at the

incident laser wavelength is passed through neutral density filters and collected via the ¾-

m monochromator in a 2-nm window centered at -226 nm. Figure 2.7 indicates the

strong Mie scattering that occurs along the spray, especially at lower heights above the

burner. As expected, very little interference is present along the centerline since the

burner incorporates a hollow-cone spray nozzle.

. - --.
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2.5.3 NarrowbandExcitation Scans

QuantitativeNO measurements in spray flames require a background correction

procedure to account for Mie scattering and fluorescence interferences from other

species. Previously, Allen et al. (1995) utilized an off-resonance/on-resonance

excitation scheme to investigate fluorescence interferences in PLIF meas_ments of OH
= : -

concentration. For our flames, an "off-line" excitation wavelength can be identified that
s

offers little to no spectral signature from NO and other species in our detection window.

As a comparative standard for spectral work within the LDI flame, an excitation scan was

obtained in the post-flame region of a lean (¢=0.8), atmospheric C2H6]O2/N2/N'O flame

stabilized on a water-cooled McKenna burner (3.76 dilution ratio) with 80-ppm of doped

NO (Fig. 2.8). In this excitation scan, detection occurs by using a fixed 2-nm window

centered at 235.78 nm, i.e., within the y(0,1) band of NO. Similarly, an excitation scan

taken at h = 5 mm, r = 3 mm in the LDI flame is shown and scaled to the reference signal

level at the 225.58-nm excitation wavelength. Note the overall baseline offset caused by

Mie scattering and the similarity of the spectra, indicating that other species such as

unburned hydr_arbons and p01ycyclic aromatic hydrocarbons are apparently not

observable within the 2-nm narrowband detection window. On this basis, the off-line

location chosen to account for Mie scattering is labeled near 225.53 nm.

2.5.4 Narrowband Detection Scans

The next step in validating the off-line wavelength subtraction method requires

that nan'owband detection scans be performed with excitation provided at both the on-

line resonant NO wavelength and the off-line non-resonant wavelength. These

experiments assess possible NO and hydrocarbon excitations which might occur within

the y(0,1) b_d of NO. To assess the actual excitation of NO occurring at the off-line

wavelength, detection scans in the previously mentioned McKenna burner were obtained

using the off-line location. The results showed -5% excitation of the y(0,1) band of NO

relative to the on-line excitation signal. Although this influence is undesirable, a 5%

resonant signal can easily be accounted for in data processing.

|
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To determine if the Mie scattering spectral wings within the ?(0,1) band of NO

can be effectively modeled via the chosen off-line excitation wavelength, spectrally broad

and narrow detection scans were taken at various locations in the LDI flarne with both

on-line and off-line excitation. Figure 2.9a depicts a typical detection scan at an axial

height of 10 mm and a radius of 12 mm. Figure 2.9b shows more detailed on- and off-

line detection scans at the same location. In both cases, agreement between the on- and

off -line signals is excellent away from the y(0,1) band of NO. it is still possible that

interferences could exist from UHC and PAH fluorescence in fuel-rich regions of the

spray flame. On the other hand, any fluorescence from large molecules such as UHCs

or PAHs that might exist in fuel-rich regions would likely exhibit broad absorption and

fluorescence signatures and thus the off-line excitation signal for these types of molecules

would be comparable to that for on-line excitation.

2.5.5 Oxygen Background

Previous work by Partridge el at. (1996) and Thomsen et al. (1997) has shown

that _an off-line location chosen in the Valley between the P2(34.5) _sition of NO and

the 02 interference labeled in Figure 2.8 provides an effective representation of the

broadband O2 background at high pressure. In particular, Thomsen et al. (1997)

demonstrated that this off-line location was trffrisi_ortab|e over a range of lean

equivalence ratios and dilution ratios in premixed methane flames. The work reported

here addresses the utility of this off-line excitation wavelength with respect to simulation

of the Mie background within the NO y(0,1) band without exciting transitions from other

species. The off-line location reported by Thomsen et al. (1997) is actually shifted to a

slightly shorter wavelength than that chosen here. At atmospheric pressure, the spectral

difference is negligible and causes no interference problems from major species.

_-However,_at hi6er p_ss_s,'_e lbcation Chosen for this Work_would lie in the left wing

of the 02 interference shown in Figure 2.8 (Thomsen et al., 1997). To emphasize the

necessity of background subtraction for such interferences, Figure 2.10 depicts the

increase in background interference with pressure in CI-IVO2/N2 flames (_ = 0.6, N2/O2 =

i
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2.2) stabilized on a water-cooled McKenna burner (Thomsen et al., 1997). Both

background-corrected and uncorrected measurements of NO concentrations are plotted as

a function of pressure. In addition, the equivalent background "concentration" is

included for reference. As can be seen, at atmospheric conditions, the corrected and

uncorrected measurements are nearly identical and the background could essentially be

ignored. However, at 14.6 atm, the background contribution is almost as large as the

actual NO concentration. Hence, ignoring the 02 Or Mie background in high-pressure

measurements would lead to a gross over determination of NO concentrations.

2.6 Results and Discussion

2.6.1 Point LSF Measurements

The NO number density profile determined via LSF at the 10 mm axial height for

the LDI flame at 0 = 1.0 is shown in Figure 2.11a. While the entire flame has been

previously mapped (Cooper and Laurendeau, 1998b), Figure 2.11 a briefly demonstrates

the utility of the LSF technique. Because LSF measurements are relatively independent

of the electronic quenching rate coefficient, an NO calibration for the LDI measurements

was transferred from that obtained in a suitable reference flame stabilized on a water-

cooled McKenna burner (C2H6/O2/N2/NO, 0:=0.8, 3.76 dilution ratio). Accuracy bars are

shown at 10-mm radial increments. Typical accuracies at the 95% confidence limit based

on 600 on-line laser shots and 300 off-line laser shots for this operating condition ranged

from +12% to +_30%, with the larger accuracy bars near the peak Mie scattering regions

of the flame. The repeatability for these measurements is -15%. The symmetry of the

NO profile arises from the intense recirculation of combustion products and air into the

center of the flame (Lee and Chehroudi, 1995). While cross-sections of the spray exhibit

a double-peaked profile (see Fig. 2.7), the internal recirculation zone characteristic of

these highly swirling flames distributes the products of combustion almost symmetrically

throughout the flame.
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2.6.2 Point LIF Measurements

Measurements of NO concentration were also obtained while operating in the

linear fluorescence regime (LIF). As in the LSF measurements, a calibration was

transferred from the reference flame; however, in this case, only semi-quantitative NO

concentrations are possible. Since the calibration scales inversely with the electronic

quenching rate coefficient, actual quantitative measurements would require scaling the

LDI measurements using

However, as the flame environment cannot be adequately modeled to estimate the

electronic quenching rate coefficient, we require another method of quantifying the LIF

measurements. The magnitude of the un-scaled LIF measurements was -34% greater

than that of the LSF measurements. Possible errors owing to the effects of RET

dynamics on the LSF measurements are not sufficient to account for this deviation

(Cooper et al., 1998). We therefore invoked the more quantitative nature of the LSF

measurements with respect to electronic quenching and presumed that they accurately

represented NO concentrations in the LDI flame. Thus, we enhanced the qualitative

nature of the LIF measurements by suitably scaling the LIF-based NO profiles. By

presuming that the local quenching rate coefficient does not vary significantly within the

LDI flame owing to intense recirculation, this experimentally-based correction can make

use of a single point to scale the LIF profiles (Cooper et al., 1998). The centerline point

at the 10-ram axial height location was arbitrarily chosen to perform this scaling, and

provided an LIF scaling factor of 0.75.

The results are illustrated in Figure 2.11b, with the accuracy bars of the LSF

measurements shown. The accuracy bars for the LIF measurements are similar and

generally range from +12% to _+25%. Though not displayed here, the LIF-based NO

profiles for the entire flow field from 2.5 mm to 20 mm above the burner collapsed

within the error bars of the LSF profiles (Cooper et al., 1998). The excellent correlation

between the LSF and LIF profiles implies that the local quenching rate coefficient in this
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turbulent flame is essentiallyconstant. The intenserecirculationzone characteristicof

highly swirling flamesis responsiblefor thewell-mixednatureof thisLDI flame.

2.6.3 Point-ExtrapolatedPLIF Measurements

This uniformity of the electronic quenching rate c_fficient permits us to consider

PLIF as an additional tool by which to explore the NO concentration field. If the

broadband fluorescence is not plagued by Mie scattering or laser-induced interferences,

i.e., 02, PAH, or UI-IC fluorescence, then the opportunity exists to obtain images of NO

concentration. These images will be spatially correct owing to the uniform electronic

quenching rate coefficient; however, they will remain qualitative without an accurate

estimate of this quenching rate coefficient.

The procedure to convert PLIF images to NO concentrations is as follows

(Cooper et al., 1998). We utilized the on-line wavelength (225.58 nm) resonant with the

Q2(26.5) transition to excite NO molecules. :An image was then recorded corresponding

to the on-chip su_ation of 2400 fluorescence events. The laser was tuned next to the

off-line wavelength (225.53 nm) and a similar image was recorded. The data are then

processed to account for flame luminosity (subtraction), the distribution of energy in the

laser sheet (normalization), and the scattering background (subtraction).

To directly compare the PLIF data with those obtained via LSF, 1-mm squares

were averaged throughout the image and horizontal Stripes were extracted corresponding

to the radialprofiies measured with LSF and LIF, in this case at h = 10 mm. Considering

the nearly invariant electronic quenching rate coefficient in this flame, the PLIF data

should _accurately scale to within the accuracy bars of the more quantitative LSF

measurements. We chose the centerline point at the 10-mm axial height to perform this

scaling, which provided a PLIF scaling factor of 0.75, in agreement with the LIF

measurements. The results are illustrated in Figure 2.11c. In general, excellent

agreement is achieved between the PLIF and LSF measurements at atmospheric pressure.

However, the excitation/detection scheme used for the PLIF measurements at 1 atm are

not suitable at higher pressures owing to the larger background produced by preferential
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excitement of molecular oxygen. Fortunately, an alternate procedure appropriate at

higher pressures has been developed, as presented in Chapter 8.

2.7 Improvements to Fluorescence Measuremenl_s

The above PLIF measurements utilized broadband detection of the y(0,1), y(0,2)

and ¥(0,3) vibronic bands at 236 nm, 246 nm, and 258 nm, respectively. The filter set for

PLIF utilized a wide-band interference filter centered at 250 nm with a 92-nm FWHM

and 6-ram of UG5 colored glass filters. This combination considerably attenuates the

strong y(0,1) band positioned at 236 nm, but has heretofore been necessary to provide

sufficient rejection of Rayleigh and Mie scattering relative to the fluorescence signal.

Through the help of CVI Laser Corporation, we have identified a dichroic mirror capable

of increasing the signal-to-background ratio (SBR) by a factor of four, thus permitting

more accurate LIF-based measurements.

In this section, we compare the previous filter scheme with a CVI LWP-0-R226-

T235-237-PW-2037-UV mirror. This product is a long-wave pass, dichroic beamsplitter

designed to reject 226-nm radiation and transmit 235-nm to 237-nm radiation at zero

angle of incidence. The additional NO bands at 246-nm and 258-nm are also transmitted

owing to the long-wave-pass nature of the mirror. The manufacturer's spectral traces for

the dichroic indicate a transmission of ~2% at 226 nm and ~80% at 236 nm, while the

UG5 has a transmission of -9% at 226 nm and ~35% at 236 nm (Melles Griot, CVI Laser

Corp.). The 226-nm and 236-nm wavelengths are significant, as these spectral positions

serve as the excitation and principal detection regions for the measurement of [NO].

Typical narrowband LSF experiments at atmospheric pressure employ 2 mm of UG5 to

reject the Mie background. Based on the manufacturers' spectral traces, an improvement

in the SBR by a factor of ~100 could be achieved by instead using two dichroic mirrors.

This replacement would also yield a five-fold increase in the overall fluorescence

transmission.

Figure 2.12 demonstrates the effectiveness of these filters in rejecting Mie

scattering from droplets when performing narrowband measurements. Mie scattering
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profiles were taken in the usual manner in a 2-atm LDI spray flame and then compared to

a repeat of the experiment when utilizing two of the dichroic mirrors. Recall that the Mie

scattering profiles are measured by exciting and detecting at the same wavelength; thus

the signal from such measurements is quite strong. Note the total rejection of the Mie-

scattering signal upon insertion of the dichroic mirrors. This rejection should prove

invaluable for both narrow- and broadband measurements at high pressure.

To assess the effectiveness of the different filters in rejecting 226-nm radiation,

we captured 100 Rayleigh scattering events in room temperature air as a single image. A

corresponding background image was subtracted from this initial image and the resulting

image normalized by the laser power, as averaged over 100 laser pulses. From each final

image, a representative region was averaged to determine the intensity of the scattering

signal. A total of 6-mm of UG5 colored glass filter was tested and compared with a

single dichroic mirror. The results of this test are displayed in Figure 2.13a, with the

transmission characterized relative to zero mm UG5. We find that a single dichroic

mirror rejects 226-nm radiation equivalent to 6-mm of UG5.

To compare the two filter schemes for PLIF measurements of NO, we performed

detection experiments in the post-flame region of a C2HdO2/N2/NO premixed flame (¢p=

0.8) stabilized on a water-cooled McKenna burner and doped with 80 ppm of NO to

enhance the fluorescence signal. Each image consisted of 1800 fluorescence events

binned on chip and corrected for noise and laser power fluctuations. Recognizing that the

image consists of NO and 02 fluorescence, as well as contributions from Rayleigh

scattering, it is difficult to isolate the portion of the signal arising solely from NO

excitation. Nevertheless, any PLIF detection scheme will inherently sample these other

signals and rely on a calibration to account for their presence in the spectra. Therefore,

we have defined the total detected fluorescence signal here as the contribution from all

fluorescing and scattering species. Similar to the 226-nm radiation, we calculate the

transmission values and normalize these to the baseline case of zero mm of UG5. The

results of this experiment are shown in Figure 2.13b. In this case, we find that one

dichroic mirror transmits fluorescence equivalent to ~1 mm of UG5.
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To characterize the filter we computed the signal-to-background ratio (SBR),

defined here as the transmission of fuorescence divided by the transmission of the

scattering at the excitation wavelength of 226 nm. These calculated values demonstrate

that a single dichroic minor delivers a factor of 3.5 increase in SBR as compared to that

of 6-mm of UG5. This 350% increase in SBR is significant_ause traditional PLIF

experiments in our laboratory for NO detection in undo_ffflames (<100 ppm) have

generally displayed overall SBRs of-2.5:1, which includes scattering and laser-induced

fluorescence interferences. Hence, utilization of these dichroic mirrors represents an

important advantage that will aid in improving the accuracy of PLIF images for NO

species concentrations, especially at higher pressures.

.2.8 Conclusions

We have reviewed the development of suitable laser-induced fluorescence

techniques for measurements of NO concentration in LDI spray fl_es, 'including

consideration of the numerous interferences possible in LIF work. These include Mie

scattering, oxygen fluorescence, and fluorescence from hydrocarbon species.

Quantitative LSF measurements have been presented of [NO] obtained in an LDI burner

fueled with liquid heptane at atmospheric pressure. Linear LIF measurements of [NO],

both narrowband linear LIF and broadband planar PLIF, require a scaling correction

since a calibration cannot be effected via a reference flame. Because the electronic

quenching rate coefficient is unknown for such complex turbulent flowfields, the LIF and

PLIF profiles have been corrected for collisional effects based on single-point scaling

with the more quantitative LSF data. The agreement between the saturated and scaled

linear techniques is excellent, which provides an opportunity to use a similar procedure at

higher pressures, i.e., single-point scaling to quantify linear fluorescence measurements.
: : z

A novel filter has been introduced that effectively rejects Mie scattering in LIF

measurements of NO and significantly increases the signal-to-background ratio (SBR) for

PLIF images. Employing a dichroic mirror manufactured by CVI Laser Corp., we have
b
im
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achieved a 350% increase in SBR for detection of NO in gaseous flames. This

enhancement will prove invaluable for high-pressure PLIF images, for which Mie

scattering from the droplets can overwhelm any NO fluorescence near the dense spray

regions of the flame.
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3. HIGH-PRESSURE EXPERIMENTAL APPARATUS

3.1 Optical System

The requisite UV radiation for NO excitation is produced using a Quanta-Ray

GCR-3 Nd:YAG laser, a PDL-2 dye laser, and a WEX-1 wavelength extender. The

Nd:YAG laser incorporated an intercavity etalon to force a single longitudinal mode in

the laser cavity which produced a fundamental output vertically polarized at 1064 nm.

The Nd:YAG fundamental was then frequency doubled (532 nm) via angle-tuned, type II

phase matching in a temperature-stabilized KD*P (KD2PO4) crystal housed in the

harmonic generator (model HG-II). The resulting horizontally polarized, 532-nm beam

and concentric, vertically polarized, 1064-nm beam were spatially separated via a

dichroic harmonic separator (model DHS-2) by employing two dichroic mirrors centered

at 532 nm. The ensuing vertically-polarized, Nd:YAG second harmonic was used to

pump a tunable dye laser (model PDL-2). Rhodamine 590 and Rhodamine 610 were

used in 2.8:1 weight ratios for the PDL-2 oscillator stage, while a ratio of 1.62:1 was used

in the amplifier stage.

The vertically-polarized dye fundamental was then frequency doubled (287 nm)

via angle-tuned, type I phase matching within a KD*P crystal housed in the CM-1

module of a WEX-2C wavelength extender. The residual vertically-polarized Nd:YAG

fundamental from the HG-II harmonic generator was frequency mixed with the dye

second harmonic via angle-tuned, type I phase matching within a KD*P crystal housed in

the CM-2 module of the WEX-1. The frequency mixing process yields an excitation

wavelength of -226 nm. The excitation beam was spatially separated from the residual

concentric beams (1064, 574, 287 nm) via a Pellin-Broca prism and exited the WEX-2C

in a vertically-polarized state. In addition, a Fabry-Perot wavelength stabilization system

was used to control PDL drift (Cooper and Laurendeau, 1997). This system utilizes a
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residualof the574-nmradiation leaving the WEX-1 and distributes the energy through a

Fabry-Perot etalon. A cross section of the resulting ring pattern is imaged on a linear

array, (Hamamatsu N-MOS model# $3903-1024Q). The wavelength of the mixed UV

beam can be correlated to the ring diameters and serves as an effective control for the dye

laser.

The optical elements for the LIF experiments are shown schematically in Figure

3.1. The UV radiation exited the WEX-1 vertically polarized and was immediately

passed through a fused-silica beam splitter plate (BS) to split off -10% of the beam to

trigger the data acquisition system via PD:Trig. The maximum beam energy at this point

was -2.5 mJ/pulse. Aperture A1, used to remove stray radiation exiting the WEX-1, was

placed immediately in front of lens L1 (CVI model PLCX-25.4-772.6-UV), a _!500-mm

focal length piano-convex UV lens. A beam elevating system, BES, was then used to

elevate and steer the beam 90 degrees. The BES consisted of two right angle prisms

..... (CVI m_ieiRAP-050-_) located- on independen:t horizontal mad vertical translation

stages. A filter wheel (Newport model FW-UV) was used to attenuate the beam energy

for LIF experiments. PD:A monitored the laser energy via a beam splitter and a

diverging lens L2. Lens L2 is a critical component that decreases the spatial sensitivity

of the photodiode by distributing the radiative energy over a larger diameter on the

surface of the opal diffuser located in the photodiode housing. Aperture A3 was used to

block scattering and reflections from optical surfaces. Aperture A4 was positioned prior

to the burner and was used to eliminate forward scattering and off-axis focusing in the

probe volume. The beam was then focused into the high-pressure vessel (I-IPV) which

was mounted on independent vertical (VS) and horizontal (I-IS) translation stages. For

beam extinction experiments, a second photodiode (PD:B) was placed aft of the vessel in

order to measure the beam energy steered via a right-angle prism (RAP) identical to those

in the BES. The beam diameter at the focal position based on the 10%-90% cumulative

energy distribution was 650 btm.

A portion of the isotropic fluorescence emitted from the NO molecules in the probe

volume was captured and collimated by a 50.8-mm diameter, 309-mm focal length, fused

silica spherical lens (CVI model PLCX-50.8-130.8-UV) which is labeled L3 in

Ii

m
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Figure 3.1: Schematic diagram of the experimental apparatus: M: mirror, FS: filter

stack, A: aperture, L: spherical lens, BS: splitter plate, PD: photodiode,

BES: elevation assembly, LA: linear array, RAP: right angle prism, MC:

monochromator, PMT: photomultiplier tube, I-IPV: high-pressure vessel,

HS: horizontal translation stage, VS: vertical translation stage.
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Figure 3.1. The detectionsystemis designedwith a 1:1 magnification using identical

lensesL3 andL4. A filter stack(FS)placedbetweenthe lensesincorporatestwo dichroic

mirrors (CVI model LWP-0-R226-T235-237-PW-2037-UV)to filter out Rayleigh and

Mie scattering. Additional neutraldensityfilters wereplaced in FS asneededto ensure

thatthephotomultipliertubewasnotsaturatedduringthemeasurements.

The abovecollection optics layout produceda magnification of unity and an f-

number(f/#) of f/6.4. The unity magnificationresultedin a probe volume that is the

projectionof themonochromatorentranceslit over the laserbeamaxis. However,only

the slit projection along the beam length defines the probe dimensions. The beam

diameteris smallerthan the limiting slide apertureandthus it definesthe height of the

probevolume. To optimizeboth thethroughputandthetheoreticalspectralresolutionof

the monochromator,the collection optics were configured such that the f/# closely

matchedthat of themonochromator.

The½-m monochromator(SPEXmodel500M) wasfitted with a photomultiplier

tube (PMT) housingthat containeda HamamatsuR106UI-I-HA wired for fast temporal

resolution(Harris et al., 1976). A lens (CVI model PLCX-25.4-20.6-UV) was used to

focus the diverging radiation from the exit slit of the monochromator to the full-width of

the PMT window (see Fig 3.2). For the LIF experiments, the fluorescence signal was

temporally integrated over 20 ns. The linearity of the PMT was measured over three

orders of magnitude by referencing the PMT output voltage (current termination of 50 _)

to known Rayleigh scattering signals. Figure 3.3 demonstrates the excellent linearity of

the PMT and the dynamic range of 100:1.

For the LIF experiments, the entrance slit was 1-mm wide, thus defining a probe

volume 650 um along the diameter of the laser beam and 1-mm long along the axis of the

laser beam. The exit slit width was set to define an integrated spectral region of -2 nm

b"WHM. This setting was chosen based on extensive work by previous researchers

(Reisel et al., 1993; Partridge et al., 1996).

Photodiodes PD:A and PD:B were used to measure the laser power and monitor

shot-to-shot fluctuations. These detectors (Thorlabs DET 200) used PIN silicon

photodiodes with high UV sensitivity mounted in circuits designed for high-speed light
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detection. To minimize beam-positioningeffectson the photodiode,an opal diffuser

(Oriel model48110)wasplacedaheadof thefront photodiodesurface. The linearity of

the photodioderesponsewas maintainedwith sufficient neutral-densityand color-glass

filters. The signalsfrom thephotodiodeswere temporally integratedovera 20-nsgate.

The linearity of the photodiodeswas measuredover three orders of magnitudeby

referencingthe PMT output voltage(current terminationof 50 g2) to known Rayleigh

scattering signals. Figure 3.4 demonstrates the excellent linearity of the PD and the

dynamic range of 10:1.

For the PLIF experiments, a sheet of laser irradiance -800 lxm wide, is generated

via a cylindrical lens and passed through the probe volume for NO excitation. The

modified layout for the PLIF measurements is pictured in Figure 3.5. Mirror M1 (CVI

model PAUV-PM-3050-C) is used to steer the fluorescence 90 degrees toward the PLIF

camera. A Princeton Instruments model ICCD-576TC-RG proximity focused ICCD

detector incorporating a 578 x 384 pixel, charge-coupled device (ICCD) (Thomson

model CSF 7883) with 23-btm square pixels is utilized for detection of the NO

fluorescence. The fluorescence is focused on the ICCD detector by utilizing an

aberration-corrected, five fused-silica element, UV-Micro-Nikkor, 105-ram focal length

f/4.5 lens (Nikon Corp., Melville, NY), such that each pixel corresponds to a 77 p,m

square in the image plane of the flame. A filter set (FS) consisting of a wide-band

interference filter (92-nm FWHM) spectrally centered at 250 nm (Acton model 250-W-

2S), and coupled with three dichroic mirrors (CVI model LWP-0-R226-T235-237-PW-

2037-UV), is used to reduce the Mie scattering from the liquid droplets.

An ICCD thermoelectric cooler is used in conjunction with an external water

chiller/circulator (Lauda model RMT-6, Brinkman Instruments) to reduce the temperature

of the CCD to -32°C. A pulse generator (Princeton Instruments model FG-100) is used

to produce a gate of 20 ns to the ICCD. Operation of the ICCD and supporting hardware

is controlled by a detector-controller (Princeton Instruments model ST-130). The user

interface to the ICCD system is provided by WinSPEC software, which is also used for

all image analysis and reduction.
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Figure 3.2: Photomultiplier tube housing and lens assembly.
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Figure 3.5: Schematic diagram of the PLIF experimental apparatus: M: mirror, FS:

filter stack, A: aperture, L: spherical lens, BS: splitter plate, PD:

photodiode, BES: elevation assembly, LA: linear array, RAP: right angle

prism, HPV: high-pressure vessel, HS: horizontal translation stage, VS:

vertical translation stage.
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3.2 High-Pressure Facility

The high-pressure vessel (see Fig. 3.6) is custom-built (Parr Instrument Co.) and

incorporates a water jacket and three UV fused-silica windows for transmission of the

beam and ensuing fluorescence. The vessel is rated at 3.1 MPa internal pressure and 700

K internal wall temperature. The water jacket is a critical component that allows flame

temperatures to be sustained inside the vessel. The burner utilized here was based on a

lean direct-injection (LDI) design and typifies that used in the primary zone of advanced

gas turbine combustors. The stainless steel LDI module (see Fig. 3.7) internal to the

vessel (11.43 mm ID) accommodates a fuel tube (3.175 mm dia.) that enters the module

outside of the vessel. A 60 ° helical swirler (11.43 mm dia.) was mounted at the top of the

fuel delivery tube. The swirler itself was tapped to allow a macrolaminate Parker-

Hannifan hollow-cone, pressure-atomized spray nozzle (OD 5.3 mm) to be directly

threaded into the swirler. The nozzle was positioned vertically relative to a

converging/diverging orifice (10.16 mm dia. at 40"). The depth of the nozzle below this

orifice (5.64 mm) was adjustable via copper washers located at the bottom of the module.

Additionally, the orifice was mounted to the stem via a threaded channel and could be

adjusted relative to the nozzle if needed. The main air was preheated in each experiment

and delivered axially to the module axis. The co-flow air was introduced to the burner via

three holes in the bottom flange. A cap assembly was fitted over the main stem which

allowed the co-flow air to enter the flowfield via the central orifice shown in Figure 4.6.

The purpose of the co-flow air was to aid in flame stabilization at low pressures since the

outer recirculation zone of the flame hindered flame stability.

The fuel delivery system incorporated a four-gallon, stainless-steel pressure vessel

rated at 5.3 MPa. The stored heptane was pressurized with nitrogen at 1.5 MPa and

metered via a rotameter flow controller. The air was provided from a building

compressor. The air flows for the main and co-flow passages were adjusted with

metering valves and monitored with Hastings model HFM-230 fast-response thermal

mass flow meters. Preheating was achieved with two in-line air heaters controlled with

voltage regulators. The maximum preheat air temperature was limited by boiling within

the fuel tube, which leads to vapor lock in the injector.

Z
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The small sizeof the vessel(22.2cm OD, 15.2cm ID) required a translation

system capable of translating the full weight of the vessel both vertically and

horizontally. The vertical translationstage(Daedalmodel 406014ET-MS-D2-L2-C4-

M3-W1) is a modifiedsingle-axisseries406000ETlinear tablewith anextended16-inch

carriage. The table hasa travel of 101.6ram, a positional accuracyof 89 ga'n,and a

positional repeatabilityof ± 51 ]am. The modified table includesheavy-duty,angular-

contactbearingsto supporta 135 kg axial load, a fail-safe electric brake,and optical

limit/home switchesfor over-travelsafety. A ParkermodelPDX-15-83-135single-axis

drive/indexercoupled with a 1.92 kg-cm2 rotor inertia motor provides for vertical

positioningof theburnerrelativeto thedetectionsystem.A right-anglebracketis usedto

attachthestageto theoptical table. An additionalright-anglecarriageis mountedto the

faceplateof thevertical lineartableto holdthehorizontalstage.

Thehorizontalstage(Daedalstandardmodel315801AT-ES-D4-L2-C2-M1-E1)is

anopen-framelineartablewith atravelof 200mm, apositionalaccuracyof 40 Ixm,anda

positionalrepeatabilityof _ 25 lxrn. Thetableincludeslimit/homemagneticswitchesfor

over-travelsafety. A ParkermodelPDX-13-57-102single-axisdrive/indexercoupled

with a0.309kg-cm2rotor inertiamotorprovidesfor horizontalpositioningof theburner

relativeto thedetectionsystem.Precisestepcontrol wasachievedthroughan interface

with LabVIEW software.Thehigh-pressurevesselis mountedon theopen-framelinear

tablevia abaseplatedesignedto securethevesselandto allow for feedthroughof air

andfuel linesthroughtheoptical table.

3.3 Data-Acquisition System

The data acquisition system designed for this work utilized two 486 desktop PCs

and one 386 desktop PC (see Fig. 3.8). Two of the systems incorporated LabVIEW 3.0

based software interfaces to the control and monitoring systems labeled in Figure 3.8. A

Stanford Research Systems NIM crate housing four SR250 gated integrators/boxcar

averagers and an SR265 computer interface module served as the data sampling and
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filtering system for the photodiodes and the photomultiplier tube in the LIF experiments.

Only the photodiodes were sampled in the PLIF experiments. Each of the SR250 gated

integrators/boxcar averagers provided gate position, width control, and signal

amplification. The SR265 computer interface module allowed the sampled data from the

above photo-electric channels to be transferred to the PC via a GPIB channel. The

wavelength feedback system was monitored through an SCB-68 DAQ interface to sample

the various channels from the linear array. Control of the burner translation stages and

the PDL grating was achieved by serial interfaces to stepper motor drive systems. The

monochromator grating drive was a stand alone module designed to receive pulses from

the DAQ board and move the motor accordingly. The memory requirement for image

acquisition mandated a stand-along PC system for the ICCD detector-controller.
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4. D_LOP_ _ APPLICATION OFA QU_A_¢E C_mRA_ON
.....................................................

SCHEME FoR 2-ATM LEAN DIRECT-INJECTION SPRAY FLAMES

In this chapter, we report spatially resolved laser-induced fluorescence (LIF)

me:asurements of nitric oxide (NO) in a preheated, two-atmosphere, lean direct-injection

(LDI) spray flmne. The spray is produced by:a faoiow-cone, pressure-atomized nozzle

supplied with liquid heptane. NO is excited via the Q2(26.5) transition of the ?((5,0) band.

Detection is performed in a 2-nm region centered on the y(0,1) band. A complete scheme

is developed by which quantitative NO concentrations in high-pressure LDI spray flames

can be measured by applying linear LIF. Standard excitation and detection scans are

performed to assess possible interferences and to verify a non-resonant wavelength for

subtracting the influence of oxygen interferences and Mie scattering in the NO detection

window. NO is doped into the reactants and convected through the flame with no

apparent destruction, thus allowing an NO fluorescence calibration to be taken inside the

flame environment. The in-situ calibration scheme is validated by comparisons to a

reference flame. Relative axial calibration slopes are utilized in order to obtain radial

profiles of absolute NO concentrations. These quantitative NO profiles are presented and

analyzed so as to better understand the operation of lean-direct injectors for gas turbine

combustors.

4.2 Back_mound

Much of the current research on gas-turbine combustors is ultimately aimed at

reducing NOx emissions. Of the numerous possibilities to approach NOx reduction, the

utilization of swirl-based geometries provides excellent potential. Swirl has been the
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focusof numerouspublications,eachincorporatingthis approachin a uniquemanner.In

general,swirl is impartedto thecombustionair via annularguidevanesor by upstream

tangentialair injection. The effect of swirl is to createa torroidal recirculationzone

which, for non-premixedcombustion,promotes more efficient fuel/air mixing and

providesflamestabilization. For premixedcombustion,recirculationproducesa region

of hot combustion productsthat aids in flame anchoring at either an upstreamor

downstreamstagnationpoint (YegianandCheng,1998).

Though swirl provides numerousbenefits to improve combustor design, a

systematicunderstandingof how NOxemissionsareaffectedby specificpropertiesof the

recirculationzone remainselusive. Chen (1995) studiedthe effects of swirl number,

overall equivalenceratio, Reynoldsnumberbasedonprimary air velocity, andresidence

time within the recirculationzone on NOx emissionsfor nonpremixedhydrogen-air

flames. Theburnerconsistedof afuel tubecenteredin aquarl that providedco-axial air

with or without swirl. Annular co-flow wassuppliedaboutthe quarl assemblyat 2% of

theprimary air velocity to avoidpossiblewall effectsassociatedwith theenclosureused

to measureNOx emissions. Chen (1995) found that for a given primary Reynolds

number and overall equivalence ratio (_o = 0.5), EINOx remained essentially constant

with increasing swirl number once the recirculation zone was established. Moreover,

EINOx decreased for a given swirl number as the Reynolds number increased past

10,000. EINOx was also found to increase as _o rose from 0.2 to 0.6 for Re = 20,000-

30,000 at a swirl number S = 1.1. Chen (1995) correlated this increase to the volume of

the flame, which rose with increasing _o. A time scale suitable for correlation of EINOx

was found to depend on the properties of the recirculation zone as opposed to the nozzle

exit velocity. In particular, NOx emissions decreased with a reduction in the residence

time within the recirculation zone. Chen (1995) also concluded that the recirculation

zone is generally shielded from the surrounding air and that the products of combustion

do not mix with this air until they proceed downstream of the recirculation zone.

In a follow-on effort, Chen (1996) studied the influence of hydrocarbons on NOx

emissions by replacing the hydrogen with a 50% CI-h-50% H2 fuel mixture. Similar

results were recorded with the exception that the emission level increased significantly
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with rising swirl number. Chen (1996) attributed this observationto the increasing

importanceof prompt NO at higher swirl owing to the reduction in residencetime

availablefor theformationof thermalNO.

Chenget al. (1998) studied unconfined methane jet flames with swirl imparted to

the flow via a six-vane co-annular flow guide (45" or 55 °) that provided swirl numbers of

S = 0.7 or S = 1.0, respectively. Variations were considered in the ratio of momentum
f

flux of the fuel to that of the swirling air. Methane _was supplied with either an axial

injector or an annular injector incorporating four holes inclined at 45 °. Standard gas

analyzers were used with a stainless steel sampling probe to measure the post-flame

emission levelL Cheng etal. (1998) found that Strong Swirl, low momentum flux ratios,

and annular fuel injection decidedly reduced NOx emissions. In particular, annular

injection produced less NOx emissions when compared with axial injection owing to the

straining of fuel into the shear layer. Strong swirl and low momentum flux ratios

produced rapid mixing, thus increasing mixture homogeneity and shortening the

characteristic time for NOx formation. In comparison, CO emissions were found to

increase with strong swirl and low momentum flux ratios and to decrease with annular

fuel injection.

Shaffar and Samuelsen (1998) tested a similar burner incorporating radial

injection of liquid fuel from eight holes into swirled air, which then passed through a

venturi into the combustion zone. The premixedness of the mixture arose from the swirl

and the flow time before Combustion. Jet-A aviation fuel was tested with preheated

combustion air at 1 and 5 atm, with NOx emissions monitored at only 5 atm. The

reported measurements of NOx correlated with calculated flame temperatures, indicating

that the NOx was primarily thermal in origin. EINOx values ranged from --0.8 g/kg at an

adiabatic flame temperature of-1750 K to -8.5 g/kg at -2230 K.

Control of fuel and air mixing is a dominant factor in reducing NOx formation, as

this process determines the local radical pool, oxygen concentration, and flame

temperature (Gupta, 1997). One important combustor design that often incorporates

swirl is lean-premixed combustion. Although lean-premixed burners offer significant

reduction of NOx owing to lower flame temperatures, these burners often have drawbacks
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associated with lean blow-off, acoustic instability, and increased size and weight. An

alternate design incorporating swirl is that of lean direct-injection, which often employs a

hollow-cone spray, thus effectively straining the injected fuel into the shear layer of the

swirling air.

Alkabie et aL (1988) performed a study of flame stability, NOx emissions, and

combustion efficiency for propane and natural gas fired, lean direct-injection (LDI)

combustors operating at atmospheric pressure. The burners employed a radial swifter

design with fuel issuing from eight radial holes on a central fuel tube. The NOx levels

displayed a strong dependence on overall equivalence ratio, with a minimum NOx level

close to 10 ppm at _o = 0.3 when corrected to 15% oxygen.

Hayashi (1995) compared the LDI-based configuration against a lean premixed-

prevaporized (LPP) configuration, both burning kerosene and supplied with pre-heated

air at atmospheric pressure in a confined combustion chamber. The direct-injection

burner incorporated a co-rotational double swirler with a solid-cone fuel nozzle having a

60 ° nominal spray angle. The premixed burner was similar to the LDI burner, but with a

mixing tube placed between the nozzle/swirler assembly and the combustion chamber.

A strong dependence of NOx emissions on overall equivalence ratio was reported for the

LDI system, with levels of -0.2 g/kg at _o = 0.6 and -4 g/kg at _o = 1.0 for an inlet air

temperature of 650 K. Hayashi (1995) also reported higher combustion efficiencies in

the direct-injection mode and comparable NOx emissions when the LDI burner was

operated leaner than the LPP burner.

Cooper and Laurendeau (1998a) developed a saturated-LIF (LSF) technique

capable of quantitative measurements of NO concentration in an atmospheric,

unconfined, swift-stabilized spray flame based on a lean direct-injection design. The

burner incorporated a helical swifter with a central hollow-cone, pressure-atomized spray

nozzle supplied with liquid heptane. A converging/diverging orifice was positioned

immediately after the swirler/injector assembly. The diagnostic technique incorporated a

subtraction method to remove Mie-scattering background from the NO fluorescence

signal. Because of the inherently low sensitivity of LSF to variations in the electronic
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quenchingrate coefficient, a fluorescencecalibration developedin a referenceflame

could besuccessfullytransportedto theLDI sprayflame.

Cooper et al. (1998) continued the previous atmospheric work by comparing

linear-LIF based techniques, both point-LIF and planar-LIF, to the LSF method. Because

the linear techniques could not employ a transported calibration, the entire flow field was

scaled by the ratio of a linear to a saturated fluorescence signal at a single point in the

measurement field. This procedure produced an NO flow field for the linear

measurements which fell entirely within the accuracy bars of the more quantitative LSF

measurements. In this way, Cooper et al. (1998)) demonstrated the feasibility of a

potential calibration method for high-pressure LIF measurements of NO in spray flames.

Here, we follow this work by detailing a successful Calibration technique that promises

quantitative measurements of NO at 1-10 atm.

4.3 Operating Conditions

The LDI burner is operated at a main equivalence ratio _ = 0.9, with heptane fuel

supplied to the nozzle at 0.165 g/s and air at 2.78 g/s. Though this condition does not

fully model lean operation of the LDI module, it was chosen here to provide ample NO in

the combustion products. An additional co-flow is added to aid in flame stabilization,

which would provide an overall _o = 0.81 if this air were completely entrained into the

combustion products. The pressure is nominally reported at 2 atm, though the actual

operating pressure was 2.09 atm. The main air is preheated to 375 K to assist in

vaporization and mixing of the fuel. The nozzle is located 12 mm below the top of the

burner. Because of intense mixing, the resulting flame is essentially non-sooting and

blue.
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4.4 Spectral Validation

4.4.1 Excitation/Detection Scheme

Our previous work addressed an excitation/detection scheme for use in

atmospheric-pressure LDI flames (Cooper and Laurendeau, 1998a). Excitation of the

Q2(26.5) line of the y(0,0) band of NO at 225.58 nm is followed by detection of the y(0,1)

band with a 2-nm window centered at 235.78 nm. An off-line wavelength at ~225.53 nm

is excited and monitored as a measure of the ubiquitous background for the NO

fluorescence signals. This combination has been selected based on extensive interference

and background investigations (Reisel et al., 1993; Partridge et al., 1996) and has shown

considerable success in a variety of flames produced with gaseous and liquid fuels

(Reisel and Laurendeau, 1995; Thomsen et al., 1997; Cooper and Laurendeau, 1998b).

The scheme has been particularly useful in high-pressure (1-15 atm) CI-LdO2/N2 flames

(Thomsen et al., 1997). For atmospheric sprays, the utility of this scheme lies in the

subtraction of Mie-scattering interferences that break through the monochromator despite

the ~10-nm separation between the excitation and detection wavelengths (Cooper and

Laurendeau, 1998a). At higher pressures, such a scheme is critical to the detection of NO

levels below 10 ppm owing to the background produced by the O2 Schumann-Runge

spectrum (Thomsen et al., 1997).

4.4.2 Mie Scattering Profiles

To facilitate use of this excitation/detection scheme in a liquid droplet

environment at higher pressures than those in the previous atmospheric work (Cooper and

Laurendeau, 1998a), we must re-consider the possible effects of Mie scattering

interference, fuel and fuel-fragment fluorescence, and laser beam extinction. We first

assessed the influence of Mie scattering by measuring scattering profiles in order to

locate regions of heavy droplet interference. Scattered light at the incident laser

wavelength is passed through neutral density filters and collected via a ½-m

monochromator in a 2-rim window centered at -226 nm. Figure 4.1 indicates the strong
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Mie scatteringthatoccursalongthe spray,especiallyat lower heightsabovethe burner.

Theprofilesarequitedifferent from thosemeasuredin thepreviousatmospheric-pressure

LDI work (Cooper and Laurendeau, 1998a). In particular, the previous LDI

measurementsresultedin axisymmetricdouble-peakedprofiles that followed the typical

spraySheathassociatedwith strongly swirling sprayflames (Lee and Chehroudi,1995).

However, the low flow ratesrequiredto stabilize the present2-atm flame reducesthe

strengthof the recirculationzoneand the efficiency of the atomizer. Accordingly, the
- 7_ 7--Y-w-- 7---7-- -- z z7 : r? . -- -_ - --- X__z --Y :Tz - .zr _ --m- -n - _ : ;

Mie scatiering-_profiies demonstrate the s_etdc features shown in Figure 4.2. Mie

scattering profiles at higher pressures yield the more typical double-

Peaked structure as the strength of the recirculation zone increases and the atomization

quality improves (see Chapter 5). In addition, as discussed inChapter 3, two special CVI

dichroic beamsplitters can be employed for NO detection to minimize any resulting

interferences from Mie scattering (C_per and Laurendeau, 1999a),

4.4.3 Excitation and Detection Scans

Excitation and detection scans were next performed to assess the level of potential

interferences associated with possible unburned hydrocarbons. A reference

C2I-Ir/O2/N2/NO fiat flame (@ = 0.8) stabilized on a water-cooled McKenna burner (3.76

dilution ratio) was utilized for comparison. The spectral signatures from NO and 02

have been previously well characterized in such flames (Partridge et al., 1996). Hence, a

comparison of spectral sc_s t_en in this standard flame with those obtained in the LDI

case should aid in the identification of any interferences resulting from hydrocarbon

fluorescence. Figure 4.2 iliustrates two excitation scans: one taken in the flat flame with

40 ppm of NO doped into the flame to help define the y(0,1) band structure and one taken

along the centerline at the 15-mm height in the LDI flame with -80 ppm of NO doped

into the flame. The excellent similarity indicates that other species such as unburned

hydrocarbons and polycyclic aromatic hydrocarbons are apparently not excited within the

2-nm detection window. Moreover, the ratio of the on-line to off-line signals
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Figure 4.1: Mie scattering radial profiles for 2-atm LDI flame [ rials, = 0.165 g/s, (h =

0.9, Tab-preheat = 375 K] at five axial heights.
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demonstrates that the oxygen background and Mie scattering breakthrough are negligible

for this particular combination of measurement location and operating condition.

A comparative detection scan for the LDI module was also obtained at this

location (h = 15 mm, r = 0 mm). Figure 4.3 shows detection scans for the y(0,1) region

with conditions identical to those in the above excitation scans except that the width of

the detection window was reduced to 0.5 nm. Again, no unique features are present in

Figure 4.4, indicating that the excitation/detection scheme used previously (Cooper and

Laurendeau, 1998a) is appropriate for this 2-atm spray flame.

4.5 In-Situ Calibration Method

4.5.1 Theory

Having validated the excitation/detection scheme for this particular spray flame, it

became necessary to devise a calibration method by which to quantity the fluorescence

measurements. Previous atmospheric measurements (Cooper et al., 1998a) utilized the

laser-saturated fluorescence (LSF) methodology. Because of the low sensitivity of LSF

to variations in the electronic quenching rate coefficient, a calibration obtained in a

reference flame could be transported to the LDI flame so as to quantify the associated NO

fluorescence measurements. A similar calibration technique for linear LIF was found to

produce erroneous results when compared to saturated LIF. Specifically, the linear LIF-

based measurements were 34% larger than the LSF-based measurements throughout the

entire flame structure. This scaling results from the ratio of electronic quenching rate

coefficients (Paul et al., 1994) in the calibration and the LDI flame. To accurately

transfer a calibration from one flame environment to another, the following scaling law

must hold:

[NO]t.OZ, absolute=( Q,.ho, I[NO]w, _,_nv,. (4.1)

t,a,.,,,J '
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Figure 4.3: Detection scans at 2 atm in McKenna burner ($ = 0.8, 3.76 dilution

ratio) doped with 40 ppm NO and LDI burner at h = 15 mm, r = 0 mm

doped with -80 ppm NO.
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In otherwords,theconcentrationmeasurementsrelativeto thecalibrationobtainedin the

referenceflame, [NO]t.ot,r,_ive,mustbe scaledby the ratio of the electronicquenching

rate coefficients in the LDI and referenceflames. This procedure yields absolute

concentrationmeasurements,[NO]z.ot,_sot_e.While speciesprofiles for a flat, premixed

referenceflame canbe accuratelypredictedvia PREMIX (Kee et aI., 1995), the LDI

flame cannot be adequately modeled so as to provide the distribution of major species

concentrations. Hence, an estimate cannot be determined for the required ratio of local

electronic quenching rate coefficients.

The results from our atmospheric study demonstrate that the central region of the

recirculation zone can provide a successful fluorescence calibration, barring any

destruction of NO as it is transported from the reactants to this region (Cooper et aL,

1998). In a similar manner, the post-flame zone of a lean, flat flame stabilized on a

reference McKenna burner is often used for fluorescence calibrations. A key

consideration of any in-situ calibration method based on doped species is the potential

destruction of that species. Doped NO in spray flames must be transported through the

rich regions surrounding the liquid droplets, possibly promoting NO destruction.

Moreover, the degree of local partial premixing and the local strain rate could play a large

role in the destruction of NO. These issues are not readily modeled for the LDI flame, so

that an experimental validation is required for any in-situ doping process.

Following Cooper and Laurendeau (1998a) and Thomsen et aL (1997), we

utilized on- and off-line excitation to obtain calibration curves by varying the amount of

NO doped into the flame. The off-line wavelength was chosen to have the same

background signal as the on-line wavelength. As such, the intersection of the on-line and

off-line calibration curves produces an offset signal corresponding to zero NO

concentration that reflects the O2 fluorescence and Mie scattering background common to

both wavelengths, as demonstrated in Figure 4.4. Mathematically, the calibration process

can be represented by the following development. First, the LIF signal (LIFo,)

determined from the PMT and photodiode measurements during on-line excitation is

LIFo. = LIF_, + So,,, (4.2)
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where LIF_,:k represents the 02 fluorescence and Mie scattering background and So,, is the

actual NO linear fluorescence signal resulting from on-line excitation. Similarly, the off-

line LIF signal (LIFo_) can be represented as

LIFo_ = LIFb,_k + Sog, (4.3)

where So._ is the NO fluorescence signal resulting from off-line excitation. An off-line

NO fluorescence signal always occurs since it is !mpossible to completely avoid the

partial excitation of an NO transition.

The on-line and off-line linear fluorescence signals are proportional to their

respective calibration slopes, mo_ and mo_:

So, , = mort [NO], (4.4)

So_ = moo, [NO]. (4.5)

Subtracting F_,q. (4.3) from Eq, (4.2), we obtain

LIFo. - LIFo_ = So. - So_. (4.6)

By defining the net calibration slope, m,,.t, as

ra,_, = mo. - mo# , (4.7)

Eq. (4.6) can be reduced to

LIF°" - LIF°# = [NO]_,mx_ t . (4.8)
mnet

The LIF signals for any undoped measurement pair, LIFo.,w, aopea and LlFog_,ao_a, can be

quickly reduced to an [NO] concentration via Eq. (4.8). Since NO is doped into the

flame as various ppm values, a measurement taken at the calibration location reduces to

actual NO ppm. However, because of the existence of temperature gradients, the transfer

of the calibration from one location to another in the spray flame would require accurate

temperature measurements. The measurement of both on- and off-line LIF signals at

every point in the flow is also critical to the success of this scheme owing to Mie

scattering variations in spray flames. In particular, the above scheme is designed to

account for any common background at the measurement location, whether from O2

fluorescence or Mie scattering (Cooper and Laurendeau, 1998a). Consequently, as the
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probe volume is displacedover the spray sheath,Mie scattering may provide an

additionaloffsetto theNO fluorescencesignal.

4.5.2 CalibrationSlopeComparison

To experimentallyvalidatean in-situ doping methodin theLDI burner,theflame

wasseededwith varyingamountsof NO andthefluorescencewasmeasuredat theseppm

levels. Themeasurementlocationwaschosento bealongthecenterlineat a35-mmaxial

heightsoasto avoidbackgroundinterferencesfrom 02 fluorescenceandMie scattering.

NO was seededinto the flow via a calibratedcylinder of 3000-ppm dopednitrogen.

Oxygenwasaddedaccordinglyto iaii_ntainadilution ratioof 3.76,while the buildingair

suppliedto the burnerwas reducedto maintainthe sametotal air flow rate. The local

dopednitric oxideconcentrationwascomputedbasedon theproduct/reactantmolarratio,

includingthe small amountof co-flow air usedasdiluent. The resultsof thecalibration

experimentwerecorrectedfor transmissionof both the excitationbeamand theensuing

fluorescencethroughtheflame. A transmissionof -83% wasmeasuredat -226 nm via

photodiodesoneitherside of theflame. The sametransmissionwasimplicitly assumed

for the resulting-236-nm radiation. Subsequently,the LDI burner in the high-pressure

vesselwas replacedwith a water-cooledMcKenna burner. Calibration measurements

werethenperformedin the post-flameregionof a flat, lean(_ = 0.8, 3.76dilution ratio)

C2I-IdOz/N2/NOflame. Possiblewindow sootdepositedby theLDI flameduringstart-up

wascommon to both burnersand could be accountedfor with respectto transmission

lossesat theend ofthe flat-flameexperiment.Typical window soot transmissionlosses

werelessthan5%.

The two-atmospherecalibrationexperimentsrequiredexcitation only at the on-

line wavelengthsince the off-line wavelengthgave negligible signal levels for both

flamesrelativeto that from resonantexcitation(-3%). As noted previously, the probe

volume location in the LDI flame was specifically chosen to avoid potential

interferences,thus maximizing the signal that results from NO fluorescencefor this

comparison. The final calibrations are shown in Figure 4.5 with each data point
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representing the average of 600 fluorescence events. The calibration slopes display

excellent agreement, with the offsets indicating the relative NO ppm levels prior to

doping. While the calibration slopes are essentially identical, it should be pointed out

that the fluorescence signal is actually proportional to NO number density. Moreover,

any variation in the quenching rate coefficient is inherently included in the measured

slopes. Fortunately, quenching rate coefficients calculated from adiabatic flame

temperatures and major species for these two flames agree to within 1% when assuming

complete combustion (Paul et at., 1994). Temperature measurements at the calibration

location in the _i= flame via a robust type B therm0C0upie with a 775-gm bead diameter

and with a conservative radiation correction of 200 K yields -1700 K, which is similar to

the temperature of 1715 K computed via PREMIX for the post-flame zone of the flat

C2I-I6/O2/N2/NO reference flame. All considerations aside, the similarity of the

calibration slopes demonstrates that NO destruction is not a significant factor in the

transport of doped NO to the central region of this LDI flame.

4.5.3 Relative Calibration Measurements

As indicated above, to enhance the accuracy of our NO measurements, we must

consider the effects of both varying temperatures and electronic quenching rate

coefficients throughout the measurement field. The presence of Mie-scattering signals in

the central region (see Fig_A) in_6ates_ that this particular 2-atm flame is not operating

efficiently, likely producing considerable gradients in the axial temperature profile, even

within the recirculation zone. To assess the change in calibration slope along the

centerline axis, Calibration slopes were measured at 2.5, 5, 10, 20, 35, and 40 mm above

the burner. Each calibration slope was calculated as the difference between the on-line

slope and the off-line slope, as backgrounds may change considerably owing to the

presence of Mie scattering at lower elevations. These individual calibrations were

corrected for beam and fluorescence extinction and are plotted in Figure 4.6 normalized

to the slope at a height of 35-mm. Accuracy bars are typically _+14% at the 95%

confidence limit and include a conservative 5% relative uncertainty in possible NO
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destruction. For this procedure, we are assuming that NO is not destroyed sufficiently to

negatively influence the resulting calibration.

The decrease in calibration slope with dropping axial height in Figure 4.6 can be

interpreted as indicating an increase in temperature in the lower region of the LDI flame.

Previous work at atmospheric pressure demonstrates that the electronic quenching rate

coefficient (Qc) in strongly swirling LDI spray flames is essentially uniform in the central

region (Cooper and Laurendeau, 1998b). Figure 4.7 shows the negligible variation in Qe

for a 2-atm heptane flame based on equilibrium state relationships for the mole fractions

of major species and temperature (Paul et al., 1994). Though the temperature changes

considerably, Qe remains relatively uniform in the lean regions of the flame. The

fluorescence signal is affected by both temperature and the electronic quenching rate

coefficient, i.e.,

S f = C x_v° (4.9)

T.Q,

where XNo is the mole fraction of NO, T is the temperature, and C is a constant based on

optical parameters and the transition rate coefficients. On the basis of Eq. (4.9), it

becomes beneficial to construct a state relationship for Sr via Figure 4.7, which indicates

the relative change in fluorescence signal throughout the flame for a known ppm level of

NO. In particular, Figure 4.8 plots the value of lIT'Qe normalized to that at 1700 K

(estimated temperature at 35-mm axial height for LDI flame) against the flame

temperature for lean mixture fractions. By comparing the Mie-scattering profiles in

Figure 4.1 to the calibration slopes in Figure 4.6, it appears that the decrease in

calibration slope at lower axial heights is related to the presence of droplets in the lower

centerline region of the flame. Specifically, the -20% drop in calibration slope is

consistent with an increase in temperature from 1700 K to -2050 K, as demonstrated in

Figure 4.8. This result is quite reasonable since the adiabatic flame temperature for _ =

1.0 is above 2300 K and droplets are expected at lower elevations owing to the weak

swirl discussed previously. We will therefore adopt the position that the calibration

slopes depicted in Figure 4.6 represent the actual relative fluorescence calibrations at

each axial height and are not the result of NO destruction.
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4.5.4 Experimental Procedure

To obtain NO profiles in the LDI spray flame, we employed the following

experimental protocol. The quartz windows were cleaned at the start of the experiment to

ensure minimal transmission losses owing to soot. Soot deposition occurred only during

flame ignition when the flame was burned rich while the vessel was sealed and brought to

the operating pressure. The LDI flame was stabilized in the pressure vessel for a period

of one to two hours to allow the vessel to reach a steady temperature. During this period,

the wavelength-feedback system was initialized, which required an excitation scan over

the Qz(26.5) transition. NO was then doped into the flame to obtain an NO fluorescence

calibration at the 35-mm centerline height specific to the experimental measurements that

day. The translation system was then employed to translate the entire high-pressure

vessel relative to the probe volume. In this manner, fluorescence profiles along the major

diameter were mapped utilizing both on-line and off-line excitation wavelengths at each

point, thus accounting for variations in 02 fluorescence and Mie scattering background

throughout the flame.

Photodiodes placed at the optical entrance and exit of the vessel were utilized to

measure laser-beam power ratios across the LDI flame and thus to calculate the global

transmission (xg_o_) at each axial height. This measurement represents beam extinction

through the full diameter of the flame. The data reduction accounted for global

extinction at each axial height by assuming equivalent absorption coefficients for both

226-nm and 236-nm radiation. The calculated "Cg_ob_was thus used to account for both

beam extinction prior to reaching the probe volume and fluorescence trapping normal to

the excitation beam. Power ratios were als0 measured through the entrance window to

account for slight variations in soot deposition which could affect the transmission of the

excitation beam. The effect of soot deposition on the window was thus calculated as a

soot transmission (Zsoot) at each axial height. Recognizing that the flame is symmetric

and that the photodiode used to measure the laser beam power is positioned prior to the

vessel entrance window, the NO levels can be calculated via Eq. (8) as:

LIFon,h - LIFoff ,h . T slobal,cal " _soot,cal . (4.10)
[NO]pp._,, l =

mnet,cal Tglobal, h " Tsoot,h
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The LIF data designated LIFon, h and LIFoff, h at a given height h are reduced to relative

ppm values, [NO1pp_rel, by employing the 35-mm fluorescence calibration, m,_t, cal. The

term relative implies that the NO values are calculated relative to the fluorescence

calibration at the temperature and electronic quenching rate coefficient corresponding to

the 35-mm axial height location. The ratios of transmission values at the calibration

height to those at the measurement height are necessary to correct the data, since the

calibration slope m,,et, c,a inherently includes the effects of losses at the calibrati on height.

The resulting NO concentrations are thus expressed relative to the calibration point, to

within any gradients in the electronic quenching rate coefficient throughout the measured
S ................

region. As discussed previously, the electronic quenching rate coefficient is relatively

constant in lean regions of the flame. Hence, if the temperature at the calibration point

were accurately known, the NO profiles could be converted to absolute number density

measurements.

On a separate day, the experiment was altered to measure the calibration slopes at

the centerline of each axial height profiled (see Fig. 4.6). These calibration slopes require

correction for extinction and soot transmission losses in a manner similar to the relative

NO measurements. A final dafa reduction accounted for the ratio of the fluorescence

calibration at a particular axial height to that at the 35-mm location, i.e.,

[NO ]ppm_bs= [NO ]ppm,r,l
m,_,,cal r g_,h •rsoo,,h

_'global,cal ""Csoot,cal mnet,h

(4.11) i

In this manner, each radial profile was analyzed via a Calibration specific to that axial

height, thus pro=vlding a measure of the absolute NO ppm level, [NO]pt,,_. Notice also

that the effect of global transmission and soot losses is now removed at a given axial

height. Though these transmission values ultimately cancel in the final data reduction of

= ==:_s.:(4.I0y and(4-i=i), :expe_rimentaI: accurdcy_fiires - that these qU_tifies be measured

during each separate experiment owing to repeatability concerns.

Since each radial profile is referenced to the calibration taken at its centerline, the

profiles become skewed as absorption reduces the transmission with increasing path

length. Hence, those measurements taken past the centerline are preferentially lower,

-2-:

m
l

m

m
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whereas those taken prior to the centerline are preferentially higher. It should be

emphasized, however, that the centerline measurement in each axial calibration is an

absolute measurement, as all effects other than possible NO destruction are inherently

included in the calibration, as previously discussed. To correct for the skewness of the

NO profiles that resulted from absorption losses, the profiles were mirrored and averaged.

A simple model was constructed to validate this correction technique for a range of

absorption coefficient profiles and NO concentration profiles in an axisymmetric grid,

recognizing that both the laser beam and NO fluorescence pass through different path

lengths as a function of measurement position. The results indicate that this correction

procedure is quite satisfactory owing to the centerline pivot point that the profiles are

referenced to via the fluorescence calibration. The accuracy of the method increases as

the NO concentration profiles and the absorption coefficient become more uniform

throughout the flame.

4.6 Results

The resulting absolute NO profiles are displayed in Figure 4.9. Accuracy bars are

indicated at each location and are typically +25% at the 95% confidence limit. The

repeatability of these measurements is -7%. The accuracy of previous LIF

measurements in high-pressure gaseous flames typically ranges from 10% to 25% for

pressures below 6 atm (Thomsen et aL, 1997). As for our previous atmospheric LDI

flames, high swirl minimizes radial NO gradients at all axial heights. However, the

maximum NO mole fraction decreases as the axial height rises, thus demonstrating the

dilution of produced NO as the flame diverges. As indicated by Figure 4.6, a single

calibration at h = 35 mm would be sufficient for quantitative measurements of NO at

heights h > 20 mm in this LDI flame. Similarly, the same single-point calibration would

provide NO concentrations accurate to within 20% at heights h < 20 mm.
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Figure 4.9:
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If the calibrated measurement point at an axial height of 35 mm is taken to

represent the emission level of this burner owing to its downstream location, then an

EINOx value can be computed similar to that of Chen and Driscoll (1990), i.e.,

EINO = XNo(ppm) M 1 o2 rh: + rha
iX

1000 M v m/
(4.12)

where MNO 2 and Me represent the molecular weights of nitrogen dioxide and the products

of combustion, while th/ and rh a represent the mass flow rates of fuel and air. The

molecular weight of NO2 is chosen to represent NOx instead of NO. We assume for this

calculation that the products result from complete combustion, which provides a good

estimate of the product molecular weight owing to the overriding presence of

nitrogen. Equation (10) yields an EINOx = 1.00 g NOx/kg fuel. Another method of

measuring the emission level is based on 15% O2 in the product stream. Following Turns

(1996), the calibrated and corrected measurement would be 11 ppm. Assuming a

pressure scaling of pO.5 (Turns, 1996) and extrapolating the calibration point to 30 atm

would yield an EINOx = 3.79 g NOx/kg fuel, which is below the aeropropulsion engine

target of 5 g NOx/kg fuel (Gupta, 1997). Though such exhaust values could be

determined from sampling our exhaust stream, the ability to optically measure NO

concentrations clearly provides the opportunity to better understand the production of NO

within the flame.

4.7 Conclusions

Quantitative LIF measurements of NO concentration (ppm) have been obtained in

an LDI burner fueled with liquid heptane operating at a pressure of 2 atm. The thrust of

this chapter has been the development and validation of an in-situ calibration scheme by

which to quantify NO fluorescence signals measured in high-pressure LDI spray flames.

Through comparison of fluorescence calibrations taken in the spray flame and in a

reference flame of known spectral characteristics at 2 atm, we have validated the use of a

reactant doping method for such spray flames. Possible NO destruction did not present

significant losses to the doped NO, thereby allowing a simple means by which to quantify
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fluorescence measurements. Quantitative NO profiles were presented for the 2-atm LDI

flame and were demonstrated to yield acceptable emission levels under current target

goals for NOx reduction.
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5. QUANTITATIVE MEASUREMENTS OF NITRIC OXIDE IN HIGH-PRESSURE

(2-5 ATM), SWIRL-STABILIZED SPRAY FLAMES VIA LASER-INDUCED

FLUORESCENCE

5.1 Introduction

In this chapter, we present spatially resolved, linear laser-induced fluorescence

measurements of nitric oxide (NO) in pre-heated, high-pressure (2.09 to 5.35 atm), lean

direct-injection (LDI) spray flames. The spray is produced by a hollow-cone, pressure-

atomized nozzle supplied with liquid heptane. NO is excited via the Q2(26.5) transition

of the y(0,0) band. Detection is performed in a 2-nm region centered on the y(0,1) band.

The goal of this chapter is the validation and application of a complete LIF scheme by

which quantitative NO concentrations can be measured in high-pressure LDI spray

flames. Standard excitation and detection scans are performed to assess possible

interferences and to validate a non-resonant wavelength so as to subtract the influence of

oxygen interferences in the NO detection window. NO is doped into the reactants and

convected through the flame with no apparent destruction, thus allowing an NO

fluorescence calibration to be taken inside the flame environment. The in-situ calibration

scheme is validated by comparisons with reference flames at high pressure. Quantitative

radial NO profiles are presented at 2.09, 3.18, 4.27, and 5.35 atm and analyzed so as to

better understand the operation of lean-direct injectors for gas turbine combustors.

Downstream NO measurements in the LDI flames indicate an overall pressure scaling

corresponding to pO.74.
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5,2 Operating Conditions

The LDI burner is operated at a primary equivalence ratio % = 0.9, using heptane

as the fuel. The flow rates for the study presented here are listed in Table 5.1. An

additional air co-flow is added to aid in flame stabilization, which gives the tabulated

0vera!! ¢o if this air were_comPletely entrained !nto the combustio n products. The air is

preheated to 373 K in all cases to assist in vaporization and mixing of the fuel. Because

of the intense mixing, the flames are essentially non-sooting and blue, even at higher

pressures.

5.3 Spectral Validation

Our previous work, as discussed in Chapters 2 and 4, addressed an
i : =::

excitaton/detecfi0n Schenae for use in _I= flames at 1-2 atm (Cooper and Laurendeau,

1998a; Cooper and Laurendeau, 1999b). Excitation of the Q2(26.5) line of the y(0,0)

band of NO at 225.58 nm is followed by detection of the y(0,1)band with a 2-nm window

centered at 235.78 nm. An off-line wavelength at -225.53 nm is excited ar!d monitored

as a measure of the ubiquitous background for the NO fluorescence signals. This

combination has been selected based on extensive interference and background
=

investigations (Reisel et al., 1993; Partridge et al., 1996) and has shown considerable

success in a variety of flames produced with gaseous and liquid fuels (Reisel and

Laurendeau, 1995; Thomsen et al., 1997; Cooper and Laurendeau, 1998b; Cooper and

Laurendeau, 1999b). The scheme has been particularly useful in high-pressure (1-15

atm) CI-I4/Oz/N2 flames (Thomsen et al., 1997). For LDI sprays, the utility of this

scheme lies in the subtraction of Mie-scattering and 02 interferences (Cooper and

Laurendeau, 1998a; Cooper and Laurendeau, 1999b). At even higher pressures, such a

scheme is critical to the detection of NO levels below 10 ppm owing to the background

produced by the O2 Schumann-Runge band (Thomsen et al., 1997).
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Table5.1: Operatingconditionsfor LDI flamesof thisstudy.
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5.3.1 Mie ScatteringProfiles

The utility of ourNO excitation/detectionschemein a liquid dropletenvironment

at higher pressuresrequiresthat we re-considerthe possible effectsof Mie scattering

interference, fuel and fuel-fragment fluorescence,and laser beam extinction. We

assessedtheinfluenceof Mie scatteringat 2 and4 atmby measuringscatteringprofiles in

orderto locateregionsof heavydroplet interference.Scatteredlight at the incident laser

wavelength is passed through neutral density filters and collected via a ½-m

monochromatorin a 2-nm window centeredat -226 nm. Figure 5.1 depicts the Mie

scatteringprofiles in both the2- and4-atm flames. As discussedin Chapter4, the 2-atm

profiles arequite different from thosemeasuredin the previousatmosphericLDI work

(Cooperand Laurendeau,1998a). In particular, the previous1-atmLDI measurements

resultedin axisymmetricdouble-peakedprofiles thatfollowed the spraysheathtypically

associatedwith-stronglyswiri]ng-sprayflames_ andChehr0udi,1995). However, the
_ _ _ _ --_ : ._._L-_:__-_.__. _-_--__ __ _--.._.-_:_-: :--.-'r_-_:t_ -- " " :_---i _

low flow rates required to stabilize the present 2-atm flame reduces the strength of the

recirculation zone and the efficiency of the atomizer. Fortunately, as the operating

pressure increases, the rising flow rate through the nozzle produces efficient atomization.

The 4-atm Mie scattering profiles demonstrate this feature and compare favorably with

the expected profiles based on our 1-atm study. As mentioned in Chapter 3, two special

CVI dichroic beamsplitters are employed in NO detection to minimize any resulting

interferences from Mie scattering, especially at lower heights above the LDI burner

(Cooper and Laurendeau, 1999a)

5.3.2 Excitation and Detection Scans

Excitation and detection scans were next performed to assess the level of potential

interferences associated with possible unburned hydrocarbons. A reference

C2HdO2/N2/NO (_ = 0.8) flat flame stabilized at 2.09 atm on a water-cooled McKenna

burner (3.76 dilution ratio) was utilized for comparison. The spectral signatures from

NO and O2 have been previously well characterized in such flames (Partridge et al.,

1996). Hence, a comparison of spectral scans taken in this standard flame with those

z

m
It
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obtainedin the LDI caseshouldaid in the identification of any interferencesresulting

from hydrocarbonfluorescence.Figure5.2aillustratestwo excitationscans:onetakenin

the fiat flame with 40 ppm of NO dopedinto the flame to help define they(0,1) band

structureand onetakenat the Centerline15-mmheight in the 2.09-atmLDI flame with

-80 ppm of NO doped into the flame. Figure 5.2b illustrates an excitation scan taken at

the centerline 15-mm height in the 4.27-atm LDI flame with -100 ppm NO doped into

the flame. The excellent similarity among these excitation scans indicates that other

species such as unburned hydrocarbons and polycyclic aromatic hydrocarbons are

apparently not monitored in the 2-nm detection window at these pressures. Moreover,

the ratio of the 6n-iin to off-line wavelength_demonstrates that the oxygen background

and Mie scattering breakthrough are <10% of the on-line signal at this location in the LDI

flames. _ - _ .... ;:i_

A comparative de_fiofi scan for theLDI module was also obtained at this same

location (h = 15 mm, r = 0 mm). Figure 5.3 displays detection scans for the y(0,1) region

with conditions identical to those in the above excitation scans except that the width of

the detection window was reduced to 0.5 nm. AgNn, no unique features are present in

Figure 5.3, indicating that the excitation/detection scheme used in Chapters 2 and 4
==

(Cooper and Laurendeau, 1998a; Cooper and Laurendeau, 1999b) is appropriate for these

high-pressure spray flames.

5.4 Calibration Slooe Exoeriments

5.4.1 Calibration Slope Comparison

A mathematical derivation of the background subtraction method utilized for this

investigation is given in Chapter 4 (Cooper and Laurendeau, 1999b). In summary, on-

line and off-line excitation wavelengths which have common interference backgrounds

are used to isolate that portion of the detection signal attributable to NO
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fluorescence.The methodalso inherentlyremovesO2fluorescenceandMie scattering

interferencesfrom the NO signal. On- andoff-line measurementsare requiredat each

measurementlocationto accountfor variationsin thebackgroundwithin different regions

of theLDI flames.

To experimentallyvalidatean in-situ doping method for the LDI burner, LDI

flamesat 2 and4 atm wereseededwith varyingamountsof NO andthe emissivesignal

wasmeasuredatthesedifferentppm levels. The measurementlocationwaschosento be

alongthecenterlineat a35-mmaxialheightsoasto avoidbackgroundinterferencesfrom

O2 fluorescenceand Mie scattering. NO was seededinto the flow via a calibrated

cylinder of 3000-ppmdopednitrogen. In the 2-atm LDI flame, oxygen was added

accordingly to maintaina dilution ratio of 3.76,while the building air suppliedto the

burnerwas reducedto maintainthe sametotal air flow rate. The 4-atm flame required

consecutivemeasurementswith seedednitrogen and with unseedednitrogen, as the

oxygenflow systemwasunableto matchtherequireddilution ratio of 3.76. The results

of the calibration experimentswere correctedfor transmissionof both the excitation

beamandtheensuingfluorescencethroughtheflame. A transmissionof -83% in the2-

atm flameand -68% in the 4-atmflame wasmeasuredat -226 nm via photodiodeson

eithersideof theflames. Thesametransmissionwasimplicitly assumedfor theresulting

~236-nmradiation. Subsequentto theseindividual experiments,the LDI burner in the

high-pressurevesselwas replacedwith a water-cooledMcKenna burner. Calibration

measurementswerethenperformedin thepost-flameregionof a flat, lean(_ = 0.8, 3.76

dilution ratio) C2I-IdO_N2/NOflamefor the 2-atmcaseandof a flat, lean(_ = 0.8, 3.76

dilution ratio) CI-IdO_I_NO flamefor the4-atmcase. Possiblewindow sootdeposited

by the LDI flame during start-upcould be accountedfor by monitoring transmission

lossesat theendof theflat-flameexperiment. Typical window soot transmissionlosses

werelessthan5%.

The 2-atm calibration experimentsrequired calibration of only the on-line

excitationwavelengthsincetheoff-line wavelengthgavenegligible signal levelsrelative

to that at resonance(-3%). The 4-atm calibration included both on-line and off-line

measurements,asthe backgroundsignal wasnow larger(-10%). The resultsof these
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comparative calibrations are shown in Figure 5.4. The calibration slopes at each pressure

display excellent agreement, with the offsets indicating the relative NO ppm levels prior

to doping. While the calibration slopes are essentially identical, it should be pointed out

that the fluorescence signal is actual proportional to NO number density. Moreover, any

variation in the quenching rate coefficient is inherently included in the measured slopes.

Fortunately, quenching rate coefficients calculated from a_abatic flame temperatures and

major species for both LDI flames agree to within 1% with those from their respective

reference flames when assurn]ng Complete combustion-(Paul et al., 1994). Temperature

measurements at the calibration location in the _I fl_es as obtained via a robust type

B thermocouple wifla a 775-grn bead diameter when using a 200 K radiation correction

yield -1700 K for the 2-atm flame and ~183OK for the 4-/itm flame. These temperatures

are similar to those in the post-flame zone of the flat reference flames of 1715 K and

1782 K, respectively, as computed via PREMIX (Kee et al., 1995). All considerations

aside, the similarity of the calibration slopes at both press-ms demonstrates that NO

destruction is not a significant factor in the transport of doped NO to the central region of

the LDI flames.

5.4.2 Relative Calibration Measurements

To enhance the accuracy of our NO measurements, we must consider the effects

of both varying temperatures and electronic quenching rate coefficients throughout the

measurement field. In particular, we measured calibration slopes along the centerline

axis at 2.5, 5, 10, 20, 35, and 40 mm above the burner. Each calibration slope was

calculated as the difference between the on-line slope and the off-line slope, as

backgrounds may change considerably owing to the presence of Mie scattering at lower

elevations. These individual calibrations were corrected for beam and fluorescence

extinction and are plotted in Figure 5.5 after normalization to the slope at 35 mm.

Accuracy bars are typically +_16% at the 95% confidence level and include a conservative

5% relative uncertainty in possible NO destruction. When employing this procedure, we
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areassumingthat NO is not destroyedsufficiently to negativelyinfluence the resulting

calibration. The variationin calibrationslopewith axial height generally indicatesthe

influenceof temperaturechangesin the lower regionof eachLDI flame. Previouswork

at atmosphericpressuredemonstratesthat theelectronicquenchingratecoefficient(Qe)is

essentiallyuniform in thecentralregionof strongly swirling LDI sprayflames (Cooper

and Laurendeau,1998b). This featurecan be readily demonstratedby constructing

equilibrium staterelationshipsfor speciesandtemperature(seeChapter4) in the caseof

heptanecombustionand computingQe valuesat lean mixture fractions. Though the

temperaturechangesconsiderably,Qeremainsrelatively uniform in the leanregionsof

theflame(CooperandLaurendeau,1999b).

The fluorescencesignal for a fixed ppm-level of doped NO is related to

temperatureandtheelectronicquenchingratecoefficientby

S_. = C x_° , (5.1)

T'Qe

where xNo is the NO mole fraction, T is the temperature, and C is a constant based on

optical parameters and the transition rate coefficients. Since Qe is essentially constant in

LDI flames, the 20% drop in calibration slope for the 2-atm flame is consistent with an

increase in temperature from 1700 K at 35 mm to -2050 K at 5 mm above the LDI burner

(Cooper and Laurendeau, 1999b). This result is quite reasonable since the adiabatic

flame temperature for _ = 1.0 is above 2300 K and droplets are expected at lower

elevations (see Fig. 5.1). In a similar manner, the 4-atm flame may have a cooler region

at lower elevations owing to changes in the recirculation zone position and strength with

pressure. Specifically, an increase of the 4-atm calibration slope of -20% would indicate

a decrease in temperature from 1830 K to -1560 K. This result is also reasonable since

the Mie scattering profiles show little droplet scattering at lower elevations for the 4-atm

case (see Fig. 5.1). We will therefore adopt the position that the calibration slopes

depicted in Figure 5.5 represent the actual relative fluorescence calibrations at each axial

height and are not the result of NO destruction.
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5.5 Results and Discussion

The experimental procedure for obtaining NO profiles in the LDI spray flame is

identic_to that discussed _n _;ection 4.5.4. _gure L5.6 demonstrates the corrected data

whei_by each radial profile is calibrated via the cente-rlin_, flUO_scence signal at a

particular axial height and plotted as a function of pi_essure. A complete-picture can now

be presented that represents operation of the LDI burner over the 2- to 5-atm pressure

range. Error bars are not shown here for clarity, but are typically +_25% at the 95%

confidence limit (see Appendix A). The average repeatability forthe profiles is within

7%, 5%, 12%, and 12% for the 2-, 3-, 4-, and 5-atm flames, respectively. In general, the

profiles at each pressure dem-onstJ'_ite a uniformity of _the NO mole fraction throughout

the central region of these direct-injection flames. Thi_ Feature can be attributed to the

well-mixed nature of the internal recirculation zone for this swirl-based geometry

(Alkabie and Andrews, ]989;Terasak] and I-Iayashi, 1996).

Figure 5.7 depicts the cumulative profiles at each pressure with a representative

accuracy bar plotted at the centerline 40-mm location. The uniformity at each pressure

can now be clearly seen for the 3- to 5-atm cases. For the 2-atm flame, the maximum NO

mole fraction decreases as _the axial height increases, likely demonstrating the dilution of

produced NO as the flame diverges. Once efficient atomization of the fuel is achieved at

P >__3atm, the profiles converge to within the accuracy of the measurements. From Figure

5.6, the mole fraction of NO appears to vary only slightly with pressure at heights below

10 mm. However, past the 10-mm axial height, the combined effects of chemistry,

temperature, and residence time yield increasing NO levels with rising pressure.

Figure 5.8 depicts the 40-mm height data and demonstrates a definitive increase

in the NO level with pressure. Typical errors bars at the 95% confidence level are shown

at a single point for each pressure to represent the accuracy of the radial profile. To

determine the scaling of emissions with pressure and remove all errors except potential

calibration errors, we chose to use a single point calibration at the 40-mm centerline

height for each pressure. We calculate EINO_ following Chen and Driscoll (1990), i.e.,

EINO_ = xN° (ppm) MNo_ rh: + nh_ , (5.2)

1000 M e rh :
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whereMlvo2 and Me represent the molecular weights of nitric oxide and the products of

combustion, respectively, while rh: and rh_ represent the mass flow rates of fuel and air,

respectively. We assume for this calculation that the products are those for complete

combustion, which should yield a good estimate of the product molecular weight owing

to the presence of nitrogen. The EINOx results are plotted in Figure 5.9, along with a

prediction for thermal NO based on a pressure exponent of 0.5 (Turns, 1996). From the

" data shown, the actual pressure-scaling coefficient is 0.74.

Correa (i992) notes that practical combustors employing turbulent diffusion

flames have largely demonstrated a p0.5 scaling. At temperatures: greater than 1900 K,

NOx formation becomes predominately thermal in origin and is limited by the availability

of oxygen atoms, whose concentration scales approximately as p0.5 based on equilibrium

considerations. However, the pressure exponent for NOx formation is expected to

increase as NOx formation takes place primarily at near'stoichiometric interfaces owing

to superequilibrium concentrations of oxygen atoms. For instance, Aigner et al. (1990)

tested a partially-premixed injector and measured an NOx scaling of _p0.75. Correa

(1992) indicates that the combustor of Aigner et al. (1990) was not operating in a well-

stirred mode and thus exacerbated NOx production.

It is difficult to determine the rationale for the observed pressure scaling in these

LDI flames. Since the expected pressure exponent of 0.5 is based only on thermal NO

production, it does not include the full effects of chemistry, turbulent mixing, burner

geometry, and flame temperature scaling with pressure. For these experiments, the

primary air mass flow was increased in a ~1:1 scaling with pressure so that the residence

time based on exit velocity would not vary considerably. However, Chen (1995) points

out that correlating NO formation to a time scale based on exit velocity is incorrect. A

more appropriate measure would be the time scale associated with the recirculation zone,

which requires velocity measurements within this region.

A more pertinent consideration is the temperature dependence of the forward

reaction rate coefficient for the thermal NO mechanism (Turns, 1996):

k

N 2 + 0--> NO + N, (5.3)
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-38370

k = 1.82. 1014e rc_) cm3/gmol" s . (5.4)

In the typical range of flame temperatures (1500 to 2000 K), the rate coefficient

exponentially increases by two orders of magnitude. Recognizing that the flame

temperature increases with pressure, and noting that stoichiometric interfaces are present

in the LDI flame, it becomes feasible to attribute the observed p0.74 scaling to an increase

in flame temperature. However, as Correa (1992) points out, the p0.5 scaling widely

reported in combustion measurements may indicate a balance between the effect of

higher temperatures at higher pressures and the effect of superequilibrium O-atom

concentrations at lower pressures. Nevertheless, the results for: our burner indicate that

an extrapolation to 30: atm using the measured scaling would provide an EINOx = 5.75 g

NOx/kg fuel, which is only slightly above the aeropropulsion engine target of 5 g NOx&g

fuel (Gupta, 1997).

5.6 Conclusions

Quantitative LIF measurements of NO concentration (ppm) have been obtained in

an LDI burner fueled with liquid heptane operating at pressures up to 5.35 atm. Through

comparisons of fluorescence calibrations taken in LDI spray flames and in reference

flames of known spectral characteristics, we have validated the use of a convenient

reactant doping method. In particular, the results indicate insignificant destruction of

doped NO, thereby allowing a simple means by which to quantify fluorescence

measurements. Quantitative NO profiles were presented at operating pressures of 2.09,

3.18, 4.27, and 5.35 atm and were demonstrated to yield NOx emissions close to target

reduction levels. The NO profiles demonstrated a uniformity within the central

recirculation region of the flame at pressures above 3 atm. The pressure scaling of the

downstream measurements was found to be approximately p0.74.
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6. PARAMETRIC STUDY OFNO PRODUCTIONVIA QUANTITATIVE LASER-

INDUCED FLUORESCENCEIN HIGH-PRESSURE,SWIRL-STABILIZED SPRAY

FLAMES

6.1 Introduction

In this chapter, we discuss the influence of equivalence ratio and air preheat

temperature on nitric oxide (NO) concentrations in high-pressure, heptane spray flames.

The burner is based on the lean direct-injection design and incorporates a pressure-

atomized, hollow-cone spray nozzle. Helical vanes in the air passage coupled with a

divergent exit and preheated air produce a strongly-swirling, clean, blue flame. NO

concentration profiles are measured at 4.27 atm using laser-induced fluorescence (LIF) at

five axial heights above the burner. The uniformity of NO throughout the central region

of the flame demonstrates the well-mixed nature of the recirculation zone.

Measurements are taken at the 40-mm centerline height to determine the effects of

primary equivalence ratio (W = 1.0 to 0.8) and air preheat tern .perature flair = 375 K to

575 K). The results strongly suggest that NO formation occurs in near stoichiometric

regions of the flame and is subsequently diluted with excess air. A residence time effect

is evident and apparently scales as the mass flow rate of air relative to that for

stoichiometric combustion, yielding a _2 scaling of the NO (ppm). Moreover, moderate

increases in preheat temperature produce significant increases in NO (ppm) levels,

suggesting thermal NO production.

6.20perati'ng Conditions

The LDI burner is operated at 4.27 atm with a primary equivalence ratio _ =

0.90. The primary equivalence ratio represents that calculated from the air and fuel
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suppliedthroughthemainburnertube. Heptane fuel is supplied to the nozzle at 0.36 g/s

and air at 6.07 g/s. An additional air co-flow is added to aid in flame stabilization, which

yields an overall ¢?o = 0.85 if this air were completely entrained into the combustion

process. The pressure was chosen based on scaling and stability issues for the flame.

A photograph of the LDI flame is shown is shown in Figure 6.1. Note the non-

sooting appearance and the symmetric nature of the flame. Usually, the air is preheated

to 375 K to assist in vaporization and mixing of the fuel. Here, the preheat temperatures

are varied from 375 K to 575 K. The equivalence ratios are varied from _ = 0.80 to _ ---

1.00. NO measurements are obtained by employing the experimental protocol detailed in

6.3 Results And Discussion

The NO (ppm) profiles for the 4.27-atm LDI flame are shown in Figure 6.2. Error

bars are typically +_25% at the 95% confidence limit, with a repeatability for the profiles

within 12%. Note the uniformity of the NO mole fraction throughout the central region

of these direct-injection flames. This feature can be attributed to the well-mixed nature

of the internal recirculation zone for swirl-based geometries (Alkabie and Andres, 1989;

Terasaki and Hayashi, 1996), and has been noted in previous measurements of both

atmospheric and high-pressure LDI spray flames (Cooper and Laurendeau, 1998a;

Cooper and Laurendeau, 1999c).

The influence of air-preheat temperature on NO production is shown in Figure 6.3

for _ = 0.90. All NO concentrations were measured at the 40-mm centerline height. A

92% increase in NO (ppm) is realized with only a 200 K increase in air-preheat

temperature. This significant increase suggests thermal NO production owing to the

strong correlation with preheat temperature. Moreover, if the residence time is inversely

proportional to the burnt gas velocity, then the product of the forward rate coefficient and

the residence time based on complete combustion at _ = 1.0 would provide a 72%

increase in the NO (ppm) level. Hence, the data support a stoichiometric combustion

Chapter 4.
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= 375 K].
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regime near the spray sheath owing to the strong correlation of NO (ppm) with air

preheat temperature.

To determine the effect of stoichiometry, NO concentrations were measured at the

40-mm centerline height. Two methods were utilized to achieve the variation in

equivalence ratio. First, the fuel flow rate was held constant at 0.36 g/s and the air flow

rate was varied. In the second approach, the air flow rate was held constant at 6.07 g/s

and the fuel flow rate was varied. The results are shown in Figure 6.4 and demonstrate a

marked decrease in NO at leaner mixtures, namely a 45% decrease in NO (ppm) from

= 1.0 to _ = 0.8. The data demonstrate a repeatability of 15% owing to a two-month

lapse between data sets. _ The variation in recirCulation zone temperature with

stoichiometry can be determined experimentally by monitoring the variation in the NO

calibration slope (Cooper and Laurendeau' 1999b). _s procedure reveals an -28%

decrease in temperature from _ = 1.0 to _ = 0.8 at the 40-mm Centeriine height. This

decrease in temperature would reduce the forward rate coefficient of the thermal NO

formation reaction, i.e.,

k I

N 2 +O--)NO+N, (6.1)

-38370

k: = 1.82.1014e r(r) cm3/gmol" s (6.2)

by at least two orders of magnitude (Turns, 1996).

As the NO variation with stoichiometry does not demonstrate such a reduction,

the primary location of NO most likely occurs in near-stoichiometric regions surrounding

the spray sheath, consistent with our previous work at atmospheric pressure (Cooper and

Laurendeau, i998b). Dilution of theNO foxed in the spray sheath by supplied excess

air should give an -20% decrease in the NO mole fraction at _ = 0.8. The drop in

recirculation zone temperature noted above could provide evidence of such cold-air

dilution into the hot gas products from stoichiometric combustion. If a residence time is

calculated based solely on the exit velocity of air relative to that at stoichiometric
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conditions, the combined effect of dilution and residencetime yields an approximate

scalingfor NO productionof

NO ~ _p 2. (6.3)

A test of this hypothesis is displayed in Figure 6.5, where the NO concentration (ppm)

has been normalized to that at ¢p = 1.0. While this correlation does not prove the

hypothesized scaling, it does lend credence to the effects of coupled dilution and

residence time on thermal NO formed in near-stoiclai0rnetric regions. If the co-flowing

air is considered to be completely entrained, then the scaling would be proportional to

¢p¢o, thus basing the residence time on the stoichiometric supplied air and the dilution on

the total air. On a normalized basis, the results would be almost identical to Figure 6.5.

Cooper and Laurendeau (1998b) previously assessed the variation of NO with

stoichiometry in atmospheric, unconfined; LDi spray flames by computing the dilution

arising from excess air. If the reported values are also scaled to reflect the coupled

residence time and dilution effect of Eq. (6.3), the resulting correlation demonstrates

identical behavior (see Fig. 6.6). In this case, the residence time is scaled with the

primary equivalence ratio based on inputs to the burner, while the dilution is scaled with

the overall equivalence ratio based on supplied and entrained excess air. Figure 6.6 lends

strong evidence to coupled dilution and residence time effects on NO formed in near-

stoichiometric regions. If NO were formed in non-stoichiometric regions, then chemical

effects would hinder the collapse shown, i.e., the demonstrated collapse implies a steady-

state formation rate integrated over time with the product subsequently diluted with

excess air.

If our data are compared to those of previous researchers, it becomes apparent that

this high-pressure LDI configuration is not achieving a significant level of premixedness.

In particular, the NO data of Hayashi (1995) for direct-injection and lean-premixed

prevaporized combustion of kerosene exhibit a much greater dependence on equivalence

ratio in the range 0p = 0.80 to ¢p = 1.00 for air preheat temperatures of 450-650 K.

The combined observations from our data suggest a residence time that scales

linearly with either the fuel or air mass flow (relative to stoichiometric) and inversely

|

=

z

m
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with the stoichiometric burnt gas temperature, i.e., the velocity of the stoichiometric

products. Moreover, a dilution of the products of stoichiometric combustion seems

apparent from the squared dependence of produced NO (ppm) on equivalence ratio.

These observations are consistent with the results from a simple perfectly-stirred reactor

model as discussed in Appendix B.

6.4 Conclusions

Quantitative LIF measurements of NO concentration have been obtained in high-

pressure LDI flames for a range of equivalence ratios (_---0.8-1.0) and air-preheat

temperatures (375-575 K). Parametric studies of these variables strongly suggest that NO

formation occurs in near stoichiometric regions of the flame and is subsequently diluted

with excess air. A residence time effect is evident and apparently scales as the mass flow

rate of air relative to that for stoichiometric combustion, yielding a _2 scaling of the

produced NO (ppm) with primary equivalence ratio. Moreover, moderate increases in

preheat temperature produce significant increases in NO (ppm) levels, suggesting thermal

NO production.
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7. PARAMETRIC STUDY OF "NO PRODUCTION VIA QUANTITATIVE LASER-

INDUCED FLUORESCENCE IN HIGH-PRESSURE, LEAN PREMIXED-

PREVAPORIZED SPRAY H.A.MES

7.1 Introduction

In the push toward low NOx technologies for aeroengines, one theme that stands

out as a strong prospect for the future is the lean, premixed-prevaporized (LPP)

combustor (Correa, 1992). Using this route, stoichiometric interfaces can be avoided,

thus leading to reduced temperatures and suppression of the'thermal route for NOx

formation. Another important benefit from LFP combustion is the reduced dependence

on pressure. In fact, at sufficiently lean conditions for which the nitrous-oxide pathway

dominates, little to no dependence on pressure can be realized (Correa, 1992).

The initial goal of this chapter was a direct comparison of LFP and LDI

combustion by modifying the burner of Fig. 3.7 to include a premixing length. The

nozzle was tO be located at the beginning of this prernixing length, with fuel injected into

the swirling air generated by an upstream swirler. To achieve a swirl-stabilized flame, a

second swirler would be positioned near the burner exit as in the LDI burner. In a similar

manner, Hayashi (1995) compared LDI and LFP burners over a range of operating

conditions. Unfortunately, the inner diameter of the burner and the expansion ratio at the

exit of the burner (-13:1) precluded attachment of a swirl-stabilized LPP flame with

similar structural characteristics to the LDI flame. A compromise was thus made by

replacing the burner with a new one having twice the inner diameter. Surprisingly, the

flame did not stabilize in the same shape as the LDI flame (Fig. 6.1), but instead appeared

to thermally attach to the inner rim of the exit swirler.

This lack of a direct comparison, however, should not restrict the utility of our

results. A major thrust of this chapter is to demonstrate the compatibility of LIF
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diagnosticsto a rangeof sprayflames. In particular,LIF has been shown to be a viable

technique for NO detection in gaseous flames, both atmospheric and high-pressure

(Reisel and Laurendeau, 1995; Thomsen et aL, 1997). Cooper and Laurendeau (1998a)

demonstrated atmospheric LDI measurements, and later high-pressure LDI measurements

(Cooper and Laurendeau, 1999b; Cooper and Laurendeau, 1999c). As the technology

push seems ultimately directed toward LPP, it is important to validate the use of LIF in

such environments. As will be shown, LIF is indeed successful as both a diagnostic

technique and a tool by which important information can be obtained within high-

pressure flames. In particular, the influences of equivalence ratio, air-preheat

temperature, and pressure can be investigated, similar to that of Chapters 5 and 6 for the

LDI flame.

7.2 Operating Conditions

A schematic of the LPP burner is shown in Figure 7.1. The burner is similar in

design to the LDI burner; however, a premixing stem is located 41.7 cm below the burner

exit. Fuel is injected at the entrance to this stem into preheated, swirling air generated by

a 60 ° helical swirler. After passing through the premixer length, the gases are rotated by

a second 60 ° helical swirler placed 1.16 cm below the exit orifice. The flame attaches to

the inner ring of the helical swirler and forms a conical flame, as shown in Figure 7.2.

The flame does not appear to undergo sufficient swirl to produce an internal recirculation

zone. The LPP burner is nominally operated at 4.27 atm with an overall equivalence

ratio _ = 0.75. The equivalence ratio is that calculated from the air and fuel supplied

through the main burner tube since no co-flow air is used. Heptane fuel is provided to the

nozzle at 0.27 g/s. The nominal pressure was chosen to match that for the LDI work in

Chapter 6. The air is nominally preheated to 475 K to assist in vaporization and mixing

of the fuel; however, here the air preheat temperature was varied from 365 K to 480 K.

Similarly, the equivalence ratio was varied from _ = 0.65 to _ = 0.75. These
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Figure7.1" Schematicof lean,premixed-prevaporizedburner.
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Figure7.2: Photographof LPP flameat 4.27atm [_ = 0.75, T_ preheat= 475 K]. Note

that the oval window restricts the field of view.
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boundariesdefine the stability limit for the flame shown in Figure 7.2. Lean blowoff

occurs at _-0.63. The flame stabilizes as a straight jet for _>0.77, attached to the full

periphery of the burner orifice. In a similar manner, preheat greater than 500 K forces

transition to a straight jet. The conical flame was chosen based on stable, safe operation

over a range of con_tions_ The strai_ je_ffansferred........ excessive_ heat to_ the burner

_s-sembly and pre_n_ted s'd_ Ol_i-a_6fi_ _Tfi_ pr_s-ure__ii -NO_e_ -_tu_d_ed over a

......... Our previous _rk addressed an exci_n/detection scheme for use in

a_osphehc-press_ l_-i- fl-ames (_cooper_d--Laurendeau_ 199Sa), Excitation of the

Q2(26.5) line of the _,(0,0)bandof NO _it-225:Sg-fir_]_ followed b_/i_teci:ibfi 0fi.he ¥(0,i)

b__ a _nm win o_cen_tered at :235.Tgnm_--_'off-line wa_,eien_ _di-2-2-25.53 nm

is excited and monitored as a measure of the ubiquitous background for the NO

fluorescence signals. Having validated this approach for use in the LDI flames of the

previous chapters, we should expect the more benign environment of an LPP flame to

also permit use of-this-scheme. _ Ne_/ertheless, the Scheme w_ Validated With standard

: excitation and detection scans taken at the 20-mm c-emerline location in the LPP flame.

As demonstrated in Figure 7.3, no unexpected interferences or anomalies are present in

either the excitation or the detection spectra when referenced to those of Figures 5.2 and

5.3.

7.4 Calibration Comparison

To experimentally validate an in-situ doping method for the LPP burner, a 4.27-

atm operating condition was selected and the flame was seeded with varying amounts of

NO. The emissive signal was measured at these different ppm levels. The measurement

location was arbitrarily chosen to be along the centerline at a 20-mm axial height. NO
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was seeded into the flow via a calibrated cylinder of 3000-ppm doped nitrogen. Oxygen

was added accordingly to maintain a dilution ratio of 3.76, while the building air

supplied to the burner was reduced to maintain the same total air flow rate. A

transmission of ~65% in the 4-atm flame was measured at ~226 nm via photodiodes on

either side of the flame. The same transmission was implicitly assumed for the resulting

~236-nm radiation. Subsequent to these individual experiments, the LPP burner in the

high-pressure vessel was replaced with a sintered bronze, fiat-flame, burner. Calibration

measurements were then performed in the post-flame region of a fiat, lean (_ = 0.8, 3.76

dilution ratio)CI-I4/O2/N2/NO flame. Possible window soot deposited by the LDI flame

during start-up could be accounted for by monitoring transmission losses at the end of the

fiat-flame experiment. Typical window soot transmission losses were less than 6%.

The 4-atm calibration inciuded both on-line and off-line measurements. The

results of these comparative calibrations are shown in Figure 7.4. The calibration slopes

display excellent agreement (<10% difference), with the offsets indicating the relative

NO ppm levels prior to doping. While the calibration slopes are essentially identical, it

should be pointed out that the fluorescence signal is actual proportional to NO number

density. Moreover, any variation in the quenching rate coefficient is inherently included

in the measured slopes. Fortunately, quenching rate coefficients calculated from

adiabatic flame temperatures and major species for the LPP and flat flames agree to

within 4% when assuming complete combustion (Paul et al., 1994). The adiabatic flame

temperatures for the LPP flame and the flat flame are 1979 K and 2000 K, respectively.

Therefore, within the experimental accuracy of the calibration slopes (typically -10%),

we will adopt the position that destruction of NO is not a significant factor in the

transport of doped NO to the central region of the LPP flame.

7.5 Results And Discussion

The experimental method for obtaining the NO profiles is similar to that discussed

in Chapter 4, with the exception that relative calibrations are not utilized. Instead, the
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radial profiles are calibrated to their specific centerline values immediately before

measurement of each radial profile. This eliminates any error in the transmission

calculations and in the transport of relative calibrations. The NO (ppm) profiles for the

4.27-atm LPP flame are shown in Figure 7.5, with each radial profile mirrored to reflect

its symmetric nature. A representative accuracy bar is shown, with typical accuracies of

+12% at the 95% confidence limit. Note the radial divergence of the profiles as the flame

spreads outward. Moreover, unlike the LDI flame, the LPP flame demonstrates

continued production of NO up to a sufficient height within in the flame. This behavior

suggest little, if any, recirculation of combustion products. The peak NO values are

located at the 20-mm axial centerline position. Farther downstream, it appears that NO is

radially distributed ini_ a larger flame cross-section. This phenomenon could be a

thermal effect, with a potentially hotter inner portion of the flame near the root and rapid

heat loss as the flame diverges. The cooler downstream temperatures could freeze

thermal NO production. =

The influence Of equivalence ratio demonstrates a pronounced effect on the

formation of NO within this LPP flame. Figure 7.6 displays a factor of 10 increase in NO

at the 20-mm centerline height as the equivalence ratio rises from 0.65 to 0.75. Since the

adiabatic flame temperature would increase -170 K owing to this change, thermal NO

appears again to be the responsible mechanism. If we consider the forward reaction for

thermal NO production,

k I

N z + O--.->NO + N, (7.1)

-38370

k: = 1.82-1014e r(r) cm3/gmol" s , (7.2)

and assume equilibrium between 0 and 02,

Kp

O 24-->20 (7.3)

-21215

Kp = e r_o , (7.4)
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thenasimplified expressionfor theproductionof NO can be obtained, i.e.,

d[NO] ( X P°
= 2k;/--p- / [NzIO2])_

Recognizing that concentrations can be converted to mole fractions via

P

[N2]= xu' R,T (7.6)

P

[O2]= x°" R.T , (7.7)

the production of NO can be expressed on a mole-fraction basis as

i oXgp_

dt R,,T •

Lastly, net NO production can be calculated by integrating Eq. (7.8) with respect to time

to obtain

Xuo = _ dt . (7.9)
0

Evaluation of Eq. (7.9) for premixed combustion at its adiabatic temperature and for a

residence time that scales with the equivalence ratio based on changes in exit velocity

reveals the dashed line of Figure 7.6, when normalized to the 0=0.65 case. The

comparison is excellent and confirms that NO production is predominantly thermal for

this LPP flame.

The LPP data of Figure 7.6 demonstrate an exponential dependence on

equivalence ratio. This exponential increase should be expected for premixed conditions

since the adiabatic flame temperature varies linearly over this range of equivalence ratios

and the forward rate coefficient for thermal NO depends exponentially on temperature.

Recall that the LDI data of Chapter 6 demonstrated a %2 scaling near stoichiometric

conditions. Though a direct comparison cannot be made owing to a difference in the

range of equivalence ratios, the exponential trend noted in LPP flames suggests that the

LDI flame is not burning in a completely premixed mode.
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Theinfluenceof air-preheattemperatureonNO productionis shownin Figure7.7

for _ = 0.75. All NO concentrationsweremeasuredat the 20-mmcenterlineheight. A

362% increaseinNO (ppm) is realizedwith only a 100 K increasein air-preheat

temperature. This significant increasestrongly suggeststhermal NO production. In

particular,a 100K increasein air preheatinducesa 70 K increase in the adiabatic flame

temperature. A simplified prediction based on the analysis of Eqs. (7.1) through (7.9),

when normalized to the 365-K case, does not fully correlate with the data because of the

slight change in flame geometry-wia]ch _ lil_ely-affects the location of peak NO. At the

highest preheat used here, the flame base is broadened and flame attachment is

transitioning to the exit orifice lip as opposed to the swirler.

Lastly, it is important to determine the pressure scaling for NO. At temperatures

greater than 1900 K, NOx formation becomes predominately thermal in origin and is

limited by the availability of oxygen atoms, whose concentration scales approximately as

p0.5 based on equilibrium considerations. Figure 7.8 displays the pressure scaling of the

20-mm axial centerline location for _ = 0.75, 475-K air preheat LPP flames. The mass

flow rates of air and fuel were scaled such that the residence time based on exit velocity

would be unchanged with pressure. Note that the predicted scaling based on thermal NO,

normalized to the P = 3.7-atm case, correlates within the error bars of the data. The LDI

data of Chapter 5 demonstrated a p0.74 scaling, indicating that the LDI flame is not

burning sufficiently premixed so as to avoid stoichiometric influences on the pressure

scaling.

7.6 Conclusions

While direct comparisons with the LDI flame cannot be realized owing to the

different flame structures (thermally attached vs. swirl-stabilized)_ the data reported in

this chapter demonstrate that LIF measurements can be a valuable tool for the detection

of NO in LPP flames. As with the LDI data of Chapter 6, trends representing the effects

of important changes in operating parameters can be measured directly within high-

pressure flames.

?
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QuantitativeLIF measurementsof NO concentrationhavebeenobtainedin high-

pressureLPP flames for a range of equivalence ratios (_0.65-0.75), air-preheat

temperatures(365-480 K), and pressures(3.7-6.4 atm). A simplified analysis of

predictedthermalNO formationbasedon Eq. (7.9) offers comparisonsto the measured

data. In general,the qualitativetrendsdemonstratethat thermal NO is the dominant

mechanismfor NO formationin theseLPPflames.
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8. COMPARISONOF LASER-INDUCED AND PLANAR LASER-INDUCED

FLUORESCENCEMEASUREMENTSOFNITRIC OXIDE IN A HIGH-PRESSURE,

SWIRL-STABILIZED, SPRAYFLAME

8.1 IntroductiOn

In this chapter, we report spatially resolved linear laser-induced fluorescence

(LIF) and planar laser-induced fluorescence (PLIF) measurements of nitric oxide (NO) in

a pre-heated, high-pressure, lean direct-injection (LDI) spray flame. The feasibility of

using PLIF in lieu of LIF is assessed with respect to measuring NO concentrations in an

LDI spray flame at 4.27 atm. NO is excited via the resonant Q2(26.5) transition of the

y(0,0) band while a non-resonant wavelength is employed to subtract background

interferences. LIF detection is performed in a 2-nm region centered on the y(0,1) band.

PLIF detection is performed in a 68-nm window that captures fluorescence from several

vibrational bands. An in-situ NO doping scheme for fluorescence calibration is

successfully employed to quantify the LIF signals. However, a similar calibration

scheme for the reduction of PLIF images to quantitative field measurements is plagued

by the laser-excited background. Excitation scans and calibration comparisons have

been performed to assess the background contribution for PLIF detection. Quantitative

radial NO profiles measured by LIF are presented and analyzed so as to correct the PLIF

measurements to within the accuracy bars of the LIF measurements via a single-point

scaling of the PLIF image.
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8.2 Background

This investigation is concerned with the development of a quantitative, non-

intrusive, scheme by which NO concentrations can be measured in high-pressure spray

flames. Several researchers have utilized optical measurements of minor species in such

flames. Allen et aL (1994) obtained qualitative [OH] images in heptane-air spray flames

formed via both solid and hollow-cone nozzles and burned at pressures of 0.1-0.8 MPa..

Excitation of OH was achieved by employing the Pl(8) transition at 285.67 nm. The

effect of interfering PAH fluorescence was assessed by using a spectrometer to separate

the fluorescence spectrum into individual features. A laser-induced signal exhibiting

features at 350 nm, 400 nm, and 450 nm was found on a quasi-continuum background at

lower pressures. The strength and spectral characteristics of this broad background were

observed to be independent of excitation wavelength within a 5-rim region centered on

the PI(8) transition, which indicated the presence of a broad absorbing species such as a

large molecular weight hydrocarbon. As the pressure rose, the above spectral features

became non-discernable and exhibited a p2 increase in fluorescence strength.

In an extension of this work, Allen et al. (1995) performed similar [OH] imaging

in ethanol flames and further assessed the effects of PAH interferences. While alluding

to potential NO measurements, Allen et aL (1995) suggested that excitation near 226 nm

may produce more severe laser attenuation and hence PAH fluorescence. To test this

conjecture, Upshulte et al. (1996) obtained qualitative PLIF images of NO, O2, and fuel

vapor by employing excitation wavelengths of 226 nm and 308 nm. Measurements were

made for ethanol fuel in the same high-pressure, spray-flame combustor used by Allen et

al. (1995). As expected, a broad interference signal attributed to PAHs was discovered

and assigned to a nominal 5% of the NO signal at atmospheric pressure.

Locke et al. (1995) utilized PLW to image hydroxyl concentrations in a high-

pressure (10-14 atm) combustor supplied with Jet-A fuel (0.59-0.83 kg/s) through lean

direct-injection (0 = 0.41-0.53) with preheated air (811-866 K). Though this work only

assessed the qualitative distribution of OH radicals in the reacting flow, the combustor

was designed to simulate actual gas turbine conditions. The authors found that elastically

scattered light and PAH fluorescence were not evident in the downstream regions of their
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LDI-basedcombustor.This wasa significantfinding, asquantitativeLIF measurements

in harshenvironmentsareanendgoalof opticaldiagnosticsin sprayflames.

Cooper and Laurendeau(1998a) developeda saturated-LIF (LSF) technique

capable of quantitative measurementsof NO concentration in an atmospheric,

unconfined, swirl-stabilized spray flame basedon a lean direct-injectiondesign. The

burnerincorporatedahelical swirler with acentralhollow-cone,pressure-atomizedspray

nozzle supplied with liquid heptane. A converging/divergingorifice was positioned

immediatelyafterthe swirler/injectorassembly.Thediagnostictechniqueincorporateda

subtractionmethod to remove Mie-scatteringbackgroundfrom the NO fluorescence

signal. Because of the inherently low sensitivity of LSF to variations in the electronic

quenching rate coefficient, a fluorescence calibration developed in a reference flame

could be successfully transported to the LDI spray flafi'ie.-

Cooper et al. (1998) continued the previous work by comparing linear-LIF based

techniques, both point-LIF and planar-LIF, to the LSF method. Because the linear

techniques could not employ a transported calibration, the entire flow field was scaled by

the ratio of a linear to a saturated fluorescence signal a_ta single point in the measurement

field. This procedure produced an NO field that fell entirely within the accuracy bars of

the more quantitative LSF measurements. In this way, Cooper et al. (1998) demonstrated

the feasibility of a potential calibration method for high-pressure LIF measurements of

NO in spray flames.

In a similar manner, Ravikrishna et al. (1999) quantified PLIF images of NO in

partially-premixed ethane flames by scaling the entire image based on a single LSF point

measurement. The authors chose the partially-premixed flame as a robust test case which

included large gradients in temperature, species concentrations, and the electronic

quenching rate coefficient. Despite using a single-point scaling method, over 90% of the

PLIF measurements fell within the accuracy bars of the LSF data.

In this chapter, we assess the utility of planar laser-induced fluorescence for

quantitative measurements of NO in the harsh environment of a high-pressure spray

flame. In particular, broad-band PLIF measurements are compared to narrow-band LIF
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measurementsto evaluatethe extent to which PLIF can be made quantitative despite

strong interferences from hot 02 and hydrocarbon intermediates (PAHs).

8.3 Operating Conditions

The LDI burner is operated at a pressure of 4.27 atm and a primary equivalence

ratio % = 0.9 using liquid heptane metered at 0.36 g/s and air at 6.07 g/s. The air is

preheated to 375 K to assist in vaporization and mixing of the fuel. Because of the

intense mixing, the flame is essentially non-sooting and blue. An additional co-flow is

introduced to aid in flame stabilization that reduces the overall equivalence ratio to 0.85,

assuming complete entrainment into the combustion zone. This flame is identical to the

nominal flame studied in Chapter 6, as pictured in Figure 6.1.

8.4 Laser-Induced Fluorescence Measurements

Our previous work developed an excitation/detection scheme for use in LDI

flames at pressures of 1-5 atm (Cooper and Laurendeau, 1998a; Cooper and Laurendeau,

1999c). In particular, excitation of the Q2(26.5) line of the y(0,0) band of NO at 225.58

nm is followed by detection of the y(0,1) band with a 2-nm window centered at 235.78

nm. An off-line wavelength at -225.53 nm is excited and monitored to determine any

background for the NO fluorescence signal. At atmospheric pressure, the utility of this

approach lies in subtraction of Mie-scattering interferences that break through the

monochromator despite the ~10-nm separation between the excitation and detection

wavelengths. At higher pressures, this scheme is critical to the detection of NO levels

below 10 ppm owing to the background produced by the O2 Schumann-Runge spectrum.

Chapter 5 details linear LIF measurements for the LDI burner at pressures up to

5.35 atm (Cooper and Laurendeau, 1999b; Cooper and Laurendeau, 1999c). For these

measurements, a calibration scheme was developed which allows in-situ doping of NO

through the spray flame with no apparent destruction. The calibration slopes for the
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sprayflamewerevalidatedthroughcomparisonswith similar measurementsin flamesof

knownspectralandchemicalcharacteristics.

8.4.1 Mie ScatteringProfiles

The influenceof ldie scattering at 4 atm was assessed by measuring scattering

profiles so as to locate regions of heavy droplet interference. Scattered light at the

incident laser wavelength is passed through neutral density filters and collected via a ½-m

monochromator in a 2-nm window centered at -226 nm. Figure 8.1 depicts the resulting

Mie scattering profiles, plotted as arbitrary units and presented only to visualize the spray

structure. These profiles compare favorably with the expected profiles based on our 1-

atm study, namely axisymmetric double-peaked profiles that reveal the spray sheath

typically associated with strongly swirling spray flames (Lee and Chehroudi, 1995).

z

|

|

8.4.2 LIF Measurement Scheme

Typical LIF measurements in harsh environments employ a calibration based on a

well-characterized flame (Cooper and Laurendeau, 1998a; Cooper et al., 1998). The

accurate transfer of a calibration from one flame environment to another requires that

kQ..",J "
(8.1)

in other words, the concentration measurements relative to the calibration obtained in the

reference flame, [NO]LDt, relative, must be scaled by the ratio of the electronic quenching

rate coefficients in the LDI and reference flames. This procedure yields absolute

concentration measurements, [NO]t.Ot, absol_. While species profiles for a flat, premixed

reference flame can be accurately predicted via PREMIX (Kee et al., 1985), the LDI

flame cannot be adequately modeled so as to provide the distribution of major species

concentrations. Consequently, an estimate cannot be determined for the required ratio of
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local electronicquenchingrate coefficients,and thus an in-situ calibration method is

requiredfor LDI sprayflames(CooperandLaurendeau,1999b;CooperandLaurendeau,

1999c).

Theresultsfrom our atmosphericstudydemonstratethat thecentralregionof the

recirculation zone can provide a Successfuifluorescence calibration, barring any

destructionof NO as it is transportedfrom the reactantsto this region (Cooper et al.,

1998). Doped NO in spray flames must be transported through the rich regions

surrounding the liquid droplets, possibly promoting No destruction. Moreover, the

degree of local partial premixing and the local strain rate could play a large role in the

destruction of NO. These issues are not readily modeled for the LDI flame, so that an

experimental validation is required for any in-situ doping process. In Chapter 4, we
?

experimentally validated an in'situ doping meflaod for the LDI burner, whereby the flame

was seeded with varying levels of NO and the fluorescence signals at these levels were

measured. The measurement location was chosen to be the centerline location at a 35-

mm axial height so as to reduce background interferences. NO was seeded into the flow

through 3000-ppm doped nitrogen. After this experiment, the high-pressure vessel was

immediately modified to incorporate a fiat-flame McKenna burner and placed back into

the translation assembly. Calibration measurements were then performed in the post-

flame region of a lean (_ = 0.8, 3.76 dilution ratio) CI4_4/O2/N2/NO flame at the same

pressure. This flame is well characterized and has been utilized previously for spectral

and calibration comparisons (Thomsen et al., 1997). As shown in Chapter 5, the

excellent similarity of the calibration slopes demonstrates that NO destruction is not a

significant factor in the transport of doped NO to the central region of LDI flames at

pressures up to 5 atm (Cooper and Laurendeau, 1999b; Cooper and Laurendeau, 1999c).

Further discussion of the experimental method employed to obtain NO profiles is

included in Chapter 4.
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8.4.3 NO L/F Profiles

Figure 8.2 demonstrates the corrected data whereby each radial profile is

calibrated by the centerline fluorescence calibration at the particular axial height and

plotted as a function of the radial coordinate. Accuracy bars are typically +_25% at the

95% confidence interval, with an average repeatability within 12%. In general, the NO

profile at each axial height demonstrates a uniformity of the NO mole fraction throughout

the central region of the LDI flame. In particular, note that the centerline value at each

axial height is constant to within 15%. This can be attributed to the well-mixed nature of

the internal recirculation zone for this geometry, as demonstrated by previous researchers

(Alkabie and Andrews, 1989; Terasaki and Hayashi, 1996). In particular, Terasaki and

Hayashi (1996) demonstrated fairly uniform radial temperatures within the recirculation

zone in a similar swirl burner. Our measurements are focused on this homogeneously

mixed recirculation zone and therefore are limited by radial temperature gradients near

the shear layer. Careful examination of Figs. 8.1 and 8.2 demonstrates that our

measurements are spatially located between the centerline and the spray sheath, thus

avoiding radial temperature gradients.

Since each radial profile is referenced to the calibration taken at its centerline, the

profiles ultimately become skewed as the laser transmission decreases with increasing

path length. Hence, those measurements taken past the centerline are preferentially

lower, whereas those taken prior to the centerline are preferentially higher. It should be

emphasized, however, that the centerline measurement for each axial calibration is an

absolute measurement, as all effects other than possible NO destruction are inherently

included in the calibration. To correct for the skewness of the NO profiles that resulted

from absorption losses, the profiles were mirrored and averaged. A simple model was

constructed to validate this correction technique for a range of absorption coefficient

profiles and NO concentration profiles in an axisymmetric flow, recognizing that both the

laser beam and NO fluorescence pass through different path lengths as a function of

measurement position. The results indicate that this correction procedure is quite

satisfactory owing to the centefline pivot point that the profiles are referenced to via the
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fluorescencecalibration. The accuracyof the methodobviously increasesas the NO

concentrationprofiles and the extinction coefficient becomemore uniform acrossthe

flame.

8.5 PLIF Measurements

We have shown in Chapters 4 and 5 that the narrowband LIF technique yields

excellent results despite the harsh environment of spray flames (Cooper and Laurendeau,

1999b; Cooper and Laurendeau, 1999c). This fact permits us to consider PLIF as an

additional tool by which to explore the NO concentration field. If the detected

fluorescence is not plagued by Mie scattering or laser-induced interferences, i.e., O2,

PAH, or UHC fluorescence, then the opportunity exists to make quantitative images of

NO concentration. In particular, the subtraction technique must employ two excitation

wavelengths having common backgrounds within the broadband spectral window for

PLIF.

8.5.1 PLIF Excitation Scan Comparison

The narrowband detection window for LIF was chosen based on a common and

small background at the two excitation wavelengths (Thomsen et al., 1997). For the

broadband detection window used in PLIF, off-line wavelength excitation should

accurately mimic the Mie background; however, an accurate representation of any O2

interferences cannot be guaranteed without further work. To experimentally assess the

background in the PLIF detection window, an excitation image sequence was performed

whereby the cumulative fluorescence from 1200 laser shots was summed on chip and

normalized by the laser power. The laser excitation wavelength was shifted after each

image so as to scan the spectral region of interest, namely 225.5 to 225.6 rim, thus

encompassing the Q2(26.5) transition of NO. A l-mm x 1-mm region in each image at

the centerline of the 15-mm axial height was averaged and compared with a similar scan

at the same location when utilizing narrowband LIF. The results of this comparison are
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shownin Figure8.3,wherethescanshavebeennormalizedto a maximumsignallevel of

unity. The on-line excitationwavelengthis labeledat the Q2(26.5)transition,while the

off-line excitationwavelengthusedin the LIF measurementsis labelednear225.52nm.

The off-line wavelengthdemonstratesan increasedPLIF signal level relative to that for

LIF. SincetheLIF spectrumhasbeenwell characterized(Thomsene t al., 1997; Cooper

and Laurendeau, 1999bi c_r and Laurendeau, i999C), we surmise that the off-line

excitation wavelength likely excites an interference Within the broadband detection

window for PL_ that is not common to the on-line excitation wavelength.

8.5.2 Calibration Slope Comparison

To better characterize the increase in background when using a broadband

detection window, calibration measurements were performed whereby NO was doped

into the flame in a manner identical to that for previous LIF measurements (Cooper and

Laurendeau, 1999b; Cooper and Laurendeau, 1999c). The NO doping gas contained

3000 ppm NO in N2 which was metered to achieve levels of less than 100 ppm in the

flame products. A 1-mm x 1-mm square along the centerline in the well-mixed region

was averaged and utilized to obtain a broadband calibration slope from the various

doping levels. This region displays uniform narrowband calibration slopes which are

independent of axial height owing to a lack of thermal gradients in the axial direction

(Cooper and Laurendeau, 1999c). Hence, similar calibration slopes measured with

narrowband LIF were taken at the same position in the flame for comparison. The two

data sets, LIF and PLIF, were then normalized to unity at the maximum doping condition

for on-line excitation. A comparison of the two calibration sets utilizing both on-line and

off-line excitation is shown in Figure 8.4. While the on-line calibration slopes are very

similar, the off-line calibration intercepts are quite different. The obvious shift validates

the increased background observed in Figure 8.3. To further emphasize the preferential

off-line excitation, the ratio of off-line to on-line signals is plotted in Figure 8.5. This

ratio is very small for the LIF measurements owing to the essentially negligible common
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background,whereasthe ratio is much larger for PLIF measurementsand demonstrates

the expectedresult, i.e., as the level of doping rises, the ratio decreasesowing to the

increasein NO signalrelativeto thebackground.

To convertPLIF imagesto quantitativeNO concentrationmeasurements,Cooper

et al. (1998) and Ravikrishna et al. (1999) utilized a single-point scaling technique to

collapse the PLIF profiles to within the accuracy bars of more quantitative laser-

saturated fluorescence (LSF) measurements. Cooper et al. (1998) were able to quantify

time-average PLIF data since the electronic quenching rate coefficient was found to be

essentially uniform in the central region of the LDI spray flame. Recognizing that the

background is pressure dependent (Thomsen et al., 1997), a complete spectral study

would be required to identify an on-line/off-line scheme with a common background in

the 68-nm detection windowof the ICCD camera. As such an exhaustive study is not the

focus Of this work, we simply utilize a single-point scaling of the measurements to

quantify the PLIF data.

8.5.3 PLIF Experimental Method

The procedure to convert a PLIF image to an NO concentration field is very

similar to that for LIF. We utilized an on-line wavelength (225.58 nm) resonant with the

Q2(26.5) transition of NO. NO was doped into the flame so as to achieve doped flow-

field concentrations of 86, 65, 44, 22, and 0 ppm. For each doping condition, an image

was recorded corresponding to the on-chip summation of 1200 laser shots. The laser was

then tuned to an off-line wavelength (225.53 nm) and a similar image was recorded. The

data were then processed as follows: (1) the flame luminosity was subtracted from the

initial on- and off-line images by employing a similar image with no laser beam passing

through the probe volume; (2) these on- and off-line images were normalized by the

distribution of energy in the laser sheet via a 20-shot image which recorded Rayleigh

scattering in air; and (3) the normalized off-line image was subtracted from the

normalized on-line image. To directly compare the PLIF data with those obtained by

LSF and LIF, l-ram squares were averaged throughout the image and horizontal stripes
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were extractedcorrespondingto h = 5, 10, and 20 mm. The slightly larger sampling

volumeof thePLIF measurementscomparedto thatof theLIF measurementswaschosen

to increasethesignal-to-noiseratio. A 1-mm× 1-mmregionalongthe centerlineat each

heightwasutilized to obtainacalibrationslopefrom thefive dopinglevels. In a manner

identicalto theLIF measurements,theradial profiles at eachaxial height (5, 10,and20

mm) werethencorrectedwith afluorescencecalibrationspecificto that height. To better

comparethe extractedPLIF datawith theLIF data,the datasetsfor both measurements

arenot correctedfor skewingwith themirror/averageprocedure.

8.5.4 NO PLIFProfiles

The PLIF measurementsdemonstrated qualitatively similar profiles, but were a

nominal 16% smaller than the quantitative LIF measurements. This depression results

from the increased background for the PLIF detection scheme, as discussed previously.

Though a 16% discrepancy is not excessively large, more accurate data can be achieved

by scaling the PLIF measurements using a ratio of the LIF/PLIF data at the centerline 10-

mm axial height. The scale factor is ~1.19. The result of such a scaling is pictured in

Figure 8.6, with the PLIF data now collapsed to within the accuracy bars of the LIF data.

Several precautions must be noted in regard to the quantification of PLIF data.

Since the background for the two excitation wavelengths is large and not common in the

PLIF detection window, the off-line/on-line fluorescence signal depends on the doping

level. Moreover, since we are using a Subtraction procedure, the variation in this ratio

throughout the flame would normally cause erroneous results and the PLIF data would

not scale correctly with the LIF data. In addition, if the background itself shifts owing to

changes in the concentrations of interfering species such as 02 or owing to temperature

gradients, then an effective collapse such as that demonstrated here would be difficult to

achieve. However, Figure 8.2 demonstrates a very uniform NO concentration in the

central region of the LDI spray flame. This uniformity in a minor species such as NO

likely implies uniformity in the major species. The temperature variation within the 5-
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mm to 20-mmregion along the centralaxis hasbeenshownto be ~10% (Cooperand

Laurendeau,1999c). This uniformity in speciesconcentrationsandtemperatureleadsto

a constantoff-line/on-line ratio that allowseffectivecalibration. Hence,theLDI flame,

with its recirculationzone, is uniquely suitedto quantitativePLIF images,which thus

permitsthis diagnostictool to beusedfor thedetectionof NO.

8.6 Conclusions

Quantitative LIF measurements of NO concentration have been obtained in an

LDI flame fueled with liquid heptane at 4.27 atm so as to assess the utility of PLIF as a

diagnostic technique for high-pressure spray flames. The LIF profiles reveal a uniform

distribution of NO (ppm) throughout the flame. Spectral studies for a PLIF detection

scheme confirm that a broad detection window of 68 nm is plagued by fluorescence

interferences from rogue species. Nevertheless, PLIF profiles can be quantified through a

single-point scaling with the more quantitative LW data owing to the unique attributes of

the LDI flame.

The goal of this study was to develop a laser-induced fluorescence technique

capable of measuring quantitative NO concentrations in 1-10 atm LDI-based spray

flames. Considering the excellent profile comparisons between the two LIF-based

techniques presented in this chapter, we conclude that qualitative PLIF measurements of

[NO] at high pressure can be scaled in a similar fashion by using a single calibrated point

so as to produce quantitative PLIF measurements of NO.
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9. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

9.1 Conclusions

Quantitative LIF measurements of NO concentration (ppm) have been obtained in

an LDI burner fueled with liquid heptane operating at pressures up to 5.35 atm. Spectral

signals resulting from background interferences caused by Mie scattering and oxygen

: fluorescence are removed via an onTreson_ance/9ff-resonance subtraction routine.

Through comparison of fluorescence calibrations taken in the LDI spray flame and in a

reference flame of known spectral characteristics, we have validated the use of a

convenient reactant doping method. In particular, the results indicate insignificant

destruction of doped NO, thereby allowing a simple means by which to quantify

fluorescence measurements. Quantitative NO profiles were presented at operating

pressures of 2.09, 3.18, 4.27, and 5.35 atm and were demonstrated to yield NOx

emissions close to target reduction levels. The NO profiles demonstrated a uniformity

within the central recirculation region of the flame at pressures above 3 atm. The

pressure scaling of the downstream measurements was found to be approximately p0.74.

NO concentrations have also been obtained in high-pressure LDI flames for a

range of equivalence ratios (%=0.8-1.0) and air-preheat temperatures (375-575 K).

Parametric studies of these variables strongly suggest that NO formation occurs in near

stoichiometric regions of the flame and is subsequently diluted with excess air. A

residence time effect is evident and apparently scales with the mass flow rate of air

relative to that for stoichiometric combustion, yielding a _2 scaling of the produced NO

(ppm) with primary equivalence ratio. Moreover, moderate increases in air-preheat

temperature produce significant increases in NO (ppm) levels, suggesting thermal NO

production.
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QuantitativeLIF measurementsof NO concentration have been obtained for

comparative purposes in high-pressure LPP flames for a range of equivalence ratios

(_--0.65-0.75), air-preheat temperatures (365-480 K), and pressures (3.7-6.4 atm).

Simplified analyses of predicted thermal NO formation have been compared to the

measured data. The qualitative trends suggest that thermal NO is the dominant path for

NO formation in these LPP flames.

The utility of PLIF as a diagnostic technique for high-pressure spray flames has

been assessed by comparisons with LIF profiles of NO in a 4.27-atm LDI flame. Spectral

studies for a PLIF detection scheme confirm that a broad detection window of 68 nm is

plagued by fluorescence interferences from rogue species. Nevertheless, PLIF profiles

can be quantified through a single-point scaling with the more quantitative LIF data

owing to the unique attributes of the LDI flame.

9.2 Recommendations

The most significant addition to the NO data of this investigation would be the

mapping of major species and temperature through the addition of a Raman scattering

facility to compliment the existing LIF facility. The single contribution of NO

concentrations, while valuable indeed, must be used alongside other information to

understand the formation of pollutants within these spray flames. Another significant

contribution would be the measurement of velocity fields that would better define the

strength of the recirculation zone. Both additions would prove invaluable toward a

complete understanding of this type of reacting flow.

Determination of the temperature throughout the flames is particularly important.

Because of hardware limitations, a thermocouple cannot be traversed over the flame. A

two-line LIF approach, either with NO or a seed species as the detected molecule, is a

good possibility.

Another important contribution would be a diagnostic for the fuel vapor

concentration. Several opportunities for fuel detection exist, including doping seed

species into the flow or utilizing a "dirty" fuel that has significant hydrocarbon spectral
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features. We havebeenpressedduring this investigationto pursuesucha diagnostic;

however,sufficient time was unavailable,but such a study should be pursued in the
future.

The next logical step is the introductionof a "dirty" fuel suchas Jet-A into the

LDI burner. The accuratemodelingof real gas-turbinecombustorsis the ultimate goal,

and to fully meet this goal, real fuels must beused. Heptanewas chosenbecauseit is

non'sooting andvery easyto work with. With the diagnosticnow developed,the next

immediatestepwouldbe to measureNO in flamessuppliedwith industrialfuels.

Experimentally,theLDI burnereventuallyrequiresa new macrolaminatenozzle

designedto provide larger massflow ratesof fuel without a large pressuredrop, i.e. a

larger flow number. To achievethe air flow ratesneededto exceed-6 atm within the

vessel,a newbuilding compressorandnewballasttankswill be required. Existing safety

concernslimit the availablebuilding pressureto -9 atm. Moreover, the ballast tanks,

even when fully pressurized,cannot provide a steadycontinuous flow of air, i.e.,

compressorsurgebecomesaseriousproblem.

To monitor the flame front region, the spatial probe volume will have to be

significantly decreased.Unfortunately,a reductionin probevolumeforcesareductionin

thesignal-to-noiseratio anddecreasestheaccuracyof the measurements.Currently,our

photomultipliertubesareshotlimited, meaningthat the largestcontribution to our error

lies in the inherentnoiseof thePMT. Theintroductionof a superiorphotomultipliertube

would greatlybenefitfurther investigations.

During thecourseof this work, a uniquewayof preventingwindow condensation

hasbeendiscoveredfor low heat-outputflames,e.g., the McKenna burner. The useof

infraredradiantheatersmaintainsthewindow surfaceat a sufficient temperatureto avoid

suchproblems,whichcanbea considerablenuisancein high-pressurework.
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Appendix A: Error Analysis

To sufficiently quantify LIF measurements of NO, an estimate of the inherent

errors contained in the measurements must be made. These measurements must be

analyzed to determine both the precision and accuracy of the experimental data. The

precision is a measure of the repeatability of the measurements, whereas the accuracy is a

measure of how close the data compare to the actual values of NO concentration in the

flame and thus contains the precision plus any systematic errors.

Factors affecting the precision, and hence the repeatability of the measurements,

include PMT shot noise and electronic data acquisition noise. The accuracy of the

measurements largely depend on the calibration scheme. The accuracy of the doped

concentrations and possible destruction of NO in the flame affect the accuracy of the

caJibrated NO measurements in the LDI flames.

In the following, the focus is on determination of the measurement accuracy, as

opposed to the precision. All uncertainties are based on a 95% confidence level.

Therefore, the uncertainty of a measured quantity is defined as twice the standard

deviation of the mean. For a given measured variable y with standard deviation gr that

has been sampled N times, the uncertainty _ is then

2o"

8y =_. (A.I)

A.I Propagation of Errors

The method of propagation of errors (Taylor, 1982) can be used to determine the

accuracy of the data. For a given function q(x, .... z), where x, .... z are independent,

random, measured quantities with respective uncertainties 8x,..._, the uncertainty of q is

defined as
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I 1Bq Bq
_q= 8x +... 8z .

Thus for a given function of the type

the resulting uncertainty in q is

For a function of the type

(A.2)

8q = 4( 8x) _+'"+( Sz) 2. (A.4)

k

the uncertainty in q is

q = x x...x z, (A.5)

dq:4(z.Sx)2+...+(x.dz) 2 (A.6)

(A.6) can be framed in the form of a relative uncertainty, e (q) = 8q_q,Equation to yield

e(q)= 4e"(x) z +...+_Z) 2 (A.7)

We have therefore defined the relational expressions for uncertainties in q for summation

functions and product functions where the variables x and z are independent of each

other.

In the case where x and z are not independent, the uncertainty &/for a function of

the form of Eq. (A.3) is

8q = 8x+...+Sz, (A.8)

whereas for a function of the form of Eq. (A.5) the relative uncertainty is

e(q)= e(x)+...+ e(z). (A.9)

q = x+...+z, (A.3)
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A.2 LIF Measurements

As detailedin Chapter4, therelativeNO signalreferencedto the35-mmheight is

L/Fo.,h - L/F_, h rgl,,_t,c,a •r, oa,c,a
[NO]pp,.,,_ t = (A. 10)

tuner,cat T global,h • Tsoot,h

Each value in the above equation has its own uncertainty as outlined below.

signals, both online and offiine, are represented generically as

The LIF

LIF = Veur - Vb't'ur (A. 11)

As with any measured voltage, the electronic background, Vb, must be subtracted from

the measured voltage, V, to yield the actual dynamic voltage. Accounting for the

uncertainty in each of the above values yields

The net uncertainty in the L/Fo, _ - L/Fog _ term is then

8ur.,-ur., =4(euv.,,. "LIFo.) z +(euv_ "LIFo#) 2 • (A.13)

For this work, the extinction of fluorescence and laser irradiance through the

flame must be taken into account, as well as soot transmission variations on the window.

A similar procedure to account for the uncertainties in the transmission terms, both for

the global and soot terms follows, recognizing that each transmission ratio is comprised

of measured photodiode signals located before (PD,A) and after the flame (PD, B):
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_cal _ -- Vb'PD,A cal

"1,7h -- Vb Po B

The measured NO signal in the LDI flame must be converted to a concentration

via the differential doping calibration discussed in Chapter 4. We choose twice the

standard error in the calibration slope, m, based on a least-squares fit of the data to be the

relative uncertainty in the precision of the measured slope 8(rap). The subscript p has

been used to denote precision. Additionally, the accuracy of the measured slope will be

affected by the independent uncertainty of the- NO concentration in the calibration gas,

o(NOb), and the dependent error associated with destruction of doped NO as it passes

through the flamefront, e(NOd). The relative uncertainty of the calibration gas

concentration has been previously measured as -3%, whereas the relative uncertainty

owing to NO destruction has been conservatively estimated as -5% (Thomsen, 1997).

Therefore, the relative uncertainty in the accuracy of the calibration slope is

4m.)=_/e(NOb)2+ _m,) 2 + e(NOa), (A.15)

where the subscript a has been used to denote the accuracy.

Finally, the total relative uncertainty in the measured [NO]ppr_ for the LDI flame

is a function of the individual uncertainties of each term. Recognizing that the

uncertainties in transmission effects and LIF signals are dependent terms, that the

calibration slope uncertainty in these equations is an independent term, and including a

factor which accounts for the variation in fluorescence owing to Boltzman and electronic

quenching rate effects, the total relative uncertainty is:

+_([NC_ppmrel):_/EL1F, on_LiF,off E(m a "F£r +£(T,Q) (A.16)
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The term _ representthe relative uncertaintyof the combinedtransmissioneffect in

(A.10),namely
f

= _ _'gtoOal,cat "_soot,cal ]
Er

Jr g_o_,h "rsoa.h
(A.17)

The relative uncertainty in the e(T,Q) term has been conservatively estimated as 5%.

Continuing in this same vein, the total relative uncertainty in the absolute NO

concentration, [NO]pp_,a_, can be calculated from Equation (4.11), repeated below:

[NO]ppm,abs =[NO]ppm,rel "
tuner,cat T global,h " q_SOOt,h

q_global,cal " q_soot,cal mnet _

(A.18)

The above error analysis, more appropriately termed an "accuracy analysis," was used to

determine the accuracy of the LIF measurements. Aside from the listed uncertainties

given in the above derivation, all remaining uncertainties depend on the actual measured

data.

As a simple example of this type of error analysis, Table A. 1 demonstrates typical

values at h-=40 mm, r=0 mm for the 4.27-atm, _=1.0, Tair=375 LDI flame utilizing a

calibration taken at that point. For this case, the er and _(T,Q) terms are not required

since the calibration is taken at the same location and at the same time.

For the LIF measurements in this thesis, the typical relative uncertainty was

+_25%. No attempt was made to determine the accuracy of the PLIF measurements;

however, based on previous work by Partridge (1996) in gaseous flames, the relative

uncertainty can be estimated to be greater than +_28%.
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Typical error terms for LDI flame (P=4.27 atm, %=1.0, Tart=375 K, h--40

mm, r=0 mm).

Notation

On - line

On - line

On - line

On - line

On - line

On - line

Off -line

Off - line

Off - line

Off -line

Off - line

Off -line

On - line

On - line

Off - line

Off -line

Net

Net

Net

Net

Net

Net

Net

Net

Net

Net

Term

VpMT m Vb" PM'r

81: eur

6V_._rr

b_t, o

6Vb.eD

Ve_ - Vb._r r

8Veu-r

b'Vb.e_rr

v_o -v_,_

o"Vpo

b'V_.eD

LIF,

¢_LIF_

LIFo#

LIFo,.h - LIFo# _

(_LIF_ ._ - LIF.# :,

m

#NOb)

_(mp)

_(NO_)

8(ma)

NO (ppm)

F_NO

&o

Value

2.260

0.141

0.00759

3.977

0.0394

0.000163

0.183

0.0769

0.00300

3.648

0.0595

0.000231

0.568

0.0358

0.0502

0.0211

0.518

0.0416

0.00950 ....

0.03

0.0478

0.05

0.106

54.541

0.133

7.268
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Appendix B: Modeling Work

Though the LDI flames utilized in this research are complex, we attempted to

validate the measured trends through several computational models. One such method

employed the SANDIA Perfectly-Stirred Reactor (PSR) Code, a subset of the AURORA

code released by Reaction Design, and a heptane kinetic mechanism coupled with NO

chemistry (Held, 2000). Table B. 1 lists the reactions in the mechanism, along with their

rate coefficients. A stoichiometric mixture was used with the residence time altered to

reflect that supplied to the LDI burner at a given primary equivalence ratio. Dilution of

the mixture was accomplished by scaling the stoichiometric products with the same

equivalence ratio, thus accounting for the excess air that appears to dilute the products

based on the discussion of Chapter 6. In this comparison, the equivalence ratio is

analogous to the residence time in the reactor. A lower equivalence ratio means a lower

residence time and more dilution by excess air. In addition, the PSR was modeled at a

constant temperature based on adiabatic combustion, thus resembling the stoichiometric

spray sheath suggested in Chapter 6. Taking the reference case to be at 4-atm, _--0.9,

the PSR code residence time for this condition was chosen to yield the same net NO

production (~46 ppm). The plot of temperature and NO (ppm) shown in Figure B.1

demonstrates the typical behavior of perfectly-stirred reactors. The range of residence

times utilized in this study is noted and will be discussed shortly.
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TableB.1" Heptanemechanismreactions.

(k = A T**b exp(-E/RT)) A(mole-cm-sec-K) b E (cal/mole)

1.H+O2<=>O+OH
2. O+H2<=>H+OH
3. H2+OH<=>H20+H
4. O+H20<=>OH+OH
5. H2+M<=>H+H+M

H2 Enhancedby
H20 Enhancedby
CO Enhancedby
CO2 Enhancedby
AR Enhancedby

6. H2+AR<=>H+H+AR
7. O+O+M<=>02+M

H2 Enhanced by

H20 Enhanced by

AR Enhanced by

CO Enhanced by

CO2 Enhanced by
8. O+O+AR<=>O2+AR

9. O+H+M<=>OH+M

H2 Enhanced by

H20 Enhanced by

AR Enhanced by

CO Enhanced by

CO2 Enhanced by

10. H+OH+M<=>H20+M

H2 Enhanced by

H20 Enhanced by

AR Enhanced by

CO Enhanced by

CO2 Enhanced by

11. H+O2(+M)<=>HO2(+M)

2.500E+00

1.200E+01

1.900E+00

3.800E+00

0.000E+00

2.500E+00

1.200E+01

0.000E+00

1.900E+00

3.800E+00

2.500E+00

1.200E+01

7.500E-01

1.900E+00

3.800E+00

2.500E+00

6.300E+00

3.800E-01

1.900E+00

3.800E+00

Low pressure limit: .67000E+20 -.14200E+01

H2 Enhanced by 2.500E+00

I-I20 Enhanced by 1.200E+01

AR Enhanced by 0.000E+00

CO Enhanced by 1.900E+00

CO2 Enhanced by 3.800E+00

12. H+O2(+AR)<=>HO2(+AR)

Low pressure limit" .61670E+18

TROE centering: .50000E+00

-.80000E+00

•10000E-29

1.92E+14 .0 16439.0

5.08E+04 2.7 6290.0

2.16E+08 1.5 3430.0

2.97E+06 2.0 13400.0

4.58E+19-1.4 104380.0

5.84E+18-1.1 104380.0

6.17E+15 -.5 .0

1.89E+13 .0 -1788.0

4.71E+18 -1.0 .0

2.21E+22 -2.0 .0

4.52E+13 .0 .0

.00000E+00

4.52E+13 .0

.00000E+00

•10000E+31

.0
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13.HO2+H<=>H2+O2
Declaredduplicatereaction...

14.HO2+H<=>I-I2+O2
Declaredduplicatereaction...

15.HO2+H<=>OH+OH
16.HO2+O<=>O2+OH
17.HO2+OH<=>H20+O2
18.HO2+HO2<=>H202+O2

Declaredduplicatereaction...
19.HO2+HO2<=>H202+O2

Declaredduplicatereaction...
20.H202(+M)<->OH+OH(+M)

Low pressurelimit: .12020E+18 .00000E+00
TROEcentering: .50000E+00 .10000E+31

H2 Enhancedby 2.500E+00
H20 Enhancedby 1.200E+01
CO Enhancedby 1.900E+00
CO2 Enhancedby 3.800E+00
AR Enhancedby 0.000E+00

2I. H202(+AR)<=>OH+OH(+AR)
Low pressurelimit: .19040E+17
TROEcentering: .50000E+00

22. I-I202+H<=>H20+OH
23.H202+H<=>HO2+H2
24.H202+O<=>OH+HO2
25. I-I202+OH<=>HO2+H20

Declaredduplicatereaction...
26.H202+OH<=>HO2+H20

Declaredduplicatereaction...
27.CO+O+M<=>CO2+M

H2 Enhancedby
H20 Enhancedby
AR Enhancedby
CO Enhancedby
CO2 Enhancedby

28.CO+O2<=>CO2+O
29.CO+OH<=>CO2+H
30.CO+HO2<=>CO2+OH
31.HCO+M<=>H+CO+M

1-12 Enhanced by

1-120 Enhanced by

CO Enhanced by

C02 Enhanced by
32. HCO+O2<=>CO+HO2

.00000E+00

.10000E+31

2.500E+00

1.200E+01

8.700E-01

1.900E+00

3.800E+00

2.500E+00

1.200E+01

1.900E+00

3.800E+00

6.63E+13 .0 2130.0

3.00E+15 .0 12000.0

1.69E+14 .0 874.0

1.81E+13 .0 -397.0

1.90E+16 -1.0 .0

4.20E+14 .0 11982.0

1.30E+ll .0 -1629.3

2.95E+14 .0

.45500E+05

.10000E-29

48430.0

5.80E+I4 .0 9557.0

2.51E+13 .0 -4540.0

2.53E+12 .0 47700.0

1.50E+07 1.3 -765.0

6.02E+13 .0 23000.0

1.86E+17 -1.0 17000.0

7.58E+12 .0 410.0

2.95E+14 .0 48430.0

.43000E+05

.10000E-29

1.00E+13 .0 3590.0

4.82E+13 .0 7950.0

9.55E+06 2.0 3970.0

1.00E+12 .0 .0



172

33.HCO+H<=>CO+H2
34. HCO+O<=>CO+OH

35. HCO+OH<=>CO+H20

36. HCO+O<=>CO2+H

37. HCO+HO2<=>CO2+OH+H

38. HCO+CFI3<=>C0+CH4

39. RCO+HCO<=>CH20+CO

40. HCO+HCO<=>H2_CO+CO

41. CH20+M<=>HCO+H+M

42. CH20+M<=>CO+H2+M

43. CH20+H<=>HCO+H2

44. CH20+O<=>HCO+OH

45. CH20+OH<=>HCO+H20

46. CH20+O2<=>HCO+HO2

47. CH20+HO2<=>HCO+H202

48. CH20+CH3<=>HCO+CH4

49. CH30+M<=>CH20+H+M

50. CH30+H<=>CH20+H2

5 I. CH30+O<=>CH20+OH

52. CH30+OH<=>CH20+H20

53. CH30+O2<=>CH20+HO2

Declared duplicate reaction...
54. CH30+O2<=>CH20+HO2

Declared duplicate reaction...
55. CH30+HO2<=>CH20+H202

56. CH30+CO<=>CH3+CO2

57. CH+O2<=>HCO+O

58. CH2+H<=>CH+H2

59. CH2+O<=>CO+H+H

60. CH2+O<=>CO+H2

61. CH2+O2<=>CO+OH+H

62. CH2+O2<=>CO+H20

63. CH3+OH<=>CH2+H20

64. CH3+O<=>CH20+H

65. CH3+O2<=>CH30+O

66. CH3+HO2<=>CH30+OH

67. CH3+CI-I3 (+M)<=>C2H6(+M)

Low pressure limit: .31800E+42 -.70300E+01

TROE centering: .61900E+00

68. CH4(+M)<=>CH3+H(+M)

Low pressure limit: .72100E+31
69. CH4+H<=>CH3+I-I2

70. CH4+O<=>CI-I3+OH

71. CH4+OH<=>CH3+H20

72. CH4+O2<=>CH3+HO2

.73200E+02

-.34900E+01

7.23E+13 .0 .0

3.02E+13 .0 .0

3.02E+13 .0 .0

3.00E+13 .0 .0

3.00E+l 3 .0 .0

1.20E+14 .0 .0

1.80E+13 .0 .0

3.00E+12 .0 .0

4.00E+23 -1.7 91470.0

8.2_+i5 .0 69540.0

1.14E+08 1.7 1834.0

1.81E+13 .0 3080.0

4.80E+09 1.2 -447.0

2.00E+13 .0 39000.0

1.50E+13 .0 15200.0

5.54E+03 2.8 5862.0

8.30E+17 -1.2 15500.0

2.00E+13 .0 .0

6.00E+12 .0 .0

1.80E+13 .0 .0

9.03E+13 .0 11980.0

2.20E+10 .0 1748.0

3.00E+11 .0 .0

1.60E+13 .0 11800.0

1.00E+13 .0 .0

9.64E+13 .0 .0

1.05E+13 .0 .0

1.05E+13 .0 .0

1.13E+13 .0 .0

4.82E+12 .0 .0

1.50E+13 .0 5000.0

8.43E+13 .0 .0

1.99E+18 - 1.6 29230.0

2.00E+13 .0 1076.0

9.03E+16 -1.2 654.0

.27620E+04

.11800E+04

3.70E+15 .0 103800.0

.10590E+06

5.47E+07 2.0 11210.0

6.93E+08 1.6 8484.0

5.72E+06 2.0 2639.0

4.00E+13 .0 56910.0
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73. CH4+HO2<=>CH3+H202
74.CH3+CI-L3<=>C2H4+H2
75.CH3+CH3<=>C2H5+H
76.C2H+O<=>CO+CH
77.C2H+O2<=>HCCO+O
78.C2H+O2<=>CO+HCO
79.HCCO+H<=>CI-I2+CO
80.HCCO+O<=>H+CO+CO
81. HCCO+O2<=>CO+CO+OH

82. C2H2+M<=>C2H+H+M

83. C2H2+H<=>C2H+H2

84. C2H2+O<=>CH2+CO

85. C2H2+O<=>HCCO+H

86. C2H2+OH<=>C2H+H20

87. C2H2+O2<=>C2H+HO2

88. C2H3 (+M)<=>C2H2+H(+M)

Low pressure limit: .41700E+42
89. C2I-I3+H<=>C2H2+H2

90. C2H3+O<=>CI-I2CO+H

91. C2H3+OH<=>C2H2+H20

92. C2H3+OH<=>CH3HCO

93. C2H3+O2<=>CH20+HCO

Declared duplicate reaction...
94. C2H3+O2<=>CH20+HCO

Declared duplicate reaction...
95. C2H3+O2<=>C2H2+HO2

96. C2H3+O2<=>2HCO+H

97. C2H3+HO2<=>CH2CO+OH+H

98. C 2H3+CI-I3<=>C214_2+CH4

99. C2H3+C2H3<=>C2H4+C2H2

100. C2H4(+M)<=>C2H2+H2(+M)

Low pressure limit: .61000E+07

101. H+C2H3(+M)<=>C2H4(+M)

Low pressure limit: .14000E+31 -.38600E+01

TROE centering: .78200E+00 .20750E+03

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CO Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01

102. C2H4+H<=>C2H3+H2

103. C2H4+O<=>CH3+HCO

104. C2H4+OH<=>C2I-I3+H20

-.74900E+01

1.81E+11 .0 18580.0

1.00E+16 .0 32005.0

8.00E+15 .0 26512.0

1.81E+13 .0 .0

6.02E+11 .0 .0

2.41E+12 .0 .0

3.00E+13 .0 .0

1.20E+12 .0 .0

1.46E+12 .0 2500.0

7.46E+30-3.7 127100.0

6.0213+13 .0 22250.0

1.7513+13 .0 3179.0

3.56E+04 2.7 1391.0

3.38E+07 2.0 14000.0

1.20E+13 .0 74510.0

1.26E+32-5.9 46800.0

.45500E+05

3.00E+13 .0 .0

9.60E+13 .0 .0

3.00E+13 .0 .0

3.00E+13 .0 .0

4.48E+26 -4.5 5480.0

1.05E+38 -8.2 7030.0

.28800E+01

5.10E+21 -3.2 5660.0

3.27E+23 -3.9 5010.0

3.00E+13 .0 .0

3.90E+11 .0 .0

9.60E+11 .0 .0

7.94E+12 .4 88760.0

.67200E+05

6.08E+12 .3 280.0

.33200E+04

.26630E+04 .60950E+04

1.32E+06 2.5 12240.0

i.32E+08 1.6 427.2

2.02E+13 .0 5955.0
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105.C2H4+O2<=>C2H3+HO2
106.C2H4+CH3<=>C2H3+CH4
107.C2H5(+M)<=>C2H4+H(+M)

Low pressurelimit: .51000E+65
108.C2H5+O<=>C_H3HCO+H

109. C2HS+OH<=>C2H4+B20

110. C2H5+OH<=>CH3+H+CH20

111. C2I-IS+02<=5,C2H4+HO2

112. C2H5+HO2<=>CH3+CH20+OH

113. C2H5+HO2<=>C2H4+H202

114. C21_+C2HS<=>C2H4+C2H6

115. C2H6<=>C2FIS+H

116. C2H6+H<=>C2H5+H2

117. C2H6+O<=>C2H5+OH

118. C2H6+OH<=>C2i-/5+H20

119. C2H6+O2<=>C2H5+HO2

120. C2H6+HO2<=>C2H5+H202

121. C2H6+CI-I3<=>C2H5+CH4

122. C2H6+C2H3<=>C2H5+C2H4

123. CI-I2CO+M<=>CH2+CO+M

124. CH2CO+H<=>CH3+CO

125. CI-I2CO+O<=>HCO+HCO

126. CH2CO+OH<=>CH20+HCO

127. CH3CO(+M)<=>CH3+CO(+M)

Low pressure limit: .87300E+43 -.86200E+01

128. CH3CO+H<=>CH3+HCO

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

CH3CO+O<=>CH3+CO2

CH3CO+OH<=>CH2CO+H20

.CH3CO+OH=>CH3+CO+OH

CH3CO+HO2=>CH3+CO2+OH

CH3HCO<=>CH3+HCO

CH3HCO+H<=>CH3CO+H2

CH3HCO+O<=>CH3CO+OH

CH3HCO+OH<=>CH3CO+H20

CH3HCO+O2<=>CH3CO+HO2

CH3HCO+HO2<=>CH3CO+H202

CH3HCO+CH3<=>CH3 CO+CH4

C3H3+O<=>CH20+C2H

C3H3+O2<=>CH2CO+HCO

C3H3+CH3<=>C2H5+C2H

C3I-I3+CH3=>C4H6

2C3H3<=>C6H6

2C3H3<=>3C2H2

C3H3+C3H4<=>C6H6+H

C3H4+M<=>C3H3+H+M

-.13960E+02

4.22E+13 .0 57600.0

6.62E+00 3.7 9500.0

4.90E+09 1.2 37200.0

.60100E+05

9.60E+14 .0 .0

2:40E+13 .0 .0
2.,_:)E+13 .0 .0

8.43E+11 .0 3874.0

2.40E-i-i 3 .0 .0
3._÷11 .0 .0

i.40g+12 .o .o
2_08E+38 -7.1 106500.0

5.42E+02 3.5 5166.0

1.20E+12 .6 7311.0

5.13E-+06 2A 854.4

4.00E+13 .0 50900.0

2.94E+11 .0 14940.0

5.48E-01 4.0 8284.0

6.00E+02 3.3 10500.0

3.60E+15 .0 59270.0

7.00E+12 .0 3000.0

2.00E+13 .0 2294.0

1.00E+13 .0 .0

1.20E+22 -3,0 18800.0

.22400E+05

9.60E+13 .0 .0

9.60E+12 .0 .0

1.20E+13 .0 .0

3.00E+13 .0 .0

3.00E+13 .0 .0

7.08E+15 .0 81760.0

4.00E+13 .0 4207.0

5.00E+12 .0 1793.0

1.00E+13 .0 .0

2.00E+13 .5 42200.0

1.70E+12 .0 10700.0

1.74E+12 .0 8440.0

2.00E+13 .0 .0

3.01E+10 .0 2870.0

1.00E+13 .0 37500.0

5.00E+12 .0 .0

3.00E+I 1 .0 .0

5.00E+I 1 .0 .0

2.20E+11 .0 2000.0

1.00E+17 .0 70000.0
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148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.

H2 Enhancedby 2.500E+00
H20 Enhanced by 1.200E+01

CO Enhanced by 1.900E+00

CO2 Enhanced by 3.800E+00

CH4 Enhanced by 1.200E+01
C3H4+H<=>C3H3+H2

C3H4+O<=>CH20+C2H2

C3H4+O<=>CO+C2H4

C3H4+OH<=>C3H3+H20

C3H4+OH<=>CI-I2CO+CH3

C3H4+O2<=>C3I-I3+HO2

C3H4+HO2<=>CH2CO+CH2+OH

C3H4+CH3<=>C3H3+CH4

C4H6<=>C2H2+C2H3+H

C4H6<=>C2H3+C2H3

C4H6+H<=>C2H3+C2H4

C4H6+H<=>H2+C2H2+C2I-I3

C4H6+OH<=>H20+C2H2+C2H3

C4H6+CH3<=>CH4+C2H2+C2H3

C3H5<=>C3H4+H

C3H5+H<=>C3H4+H2

C3H5+O<=>C2H3HCO+H

C3H5+OH<=>C3H4+H20

C3H5+O2<=>C3H4+HO2

C3I-IS+HO2<=>C2H3+CH20+OH

C3H5+CH3<=>C3H4+CH4

C3H5+C2H3<=>C3H6+C2H2

C3H5+C2H3<=>C3H4+C2H4

C3H5+C2H5<=>C3H6+C2H4

C3H5+C2H5<=>C3H4+C2H6

C3H6<=>C2I-I3+CH3

C3H6<=>C3H5+H

C3H6+H<=>C3H5+H2

C3H6+H<=>C2H4+CH3

C3H6+O<=>CH2CO+CH3+H

C3H6+O<=>C2H5+HCO

C3H6+O<=>C3H5+OH

C3H6+OH<=>C3H5+H20

C3H6+O2<=>C3HS+HO2

C3H6+HO2<=>C3H5+H202

C3H6+CH3<=>C3H5+CH4

C2H3HCO+H<=>C2H3+CO+H2

C2H3HCO+O<=>C2H3+CO+OH

C2H3HCO+OH<=>C2H3+CO+H20

C4HS<=>C3H5+CH3

1.00E+12

3.00E-03

9.00E-03

1.45E+13

3.12E+12

4.00E+13

4.00E+12

2.00E+12

1.58E+16

1.80E+ 13

5.00E+ 11

6.30E+10

8.38E+12

7.00E+13

1.50E+l 1

1.80E+13

6.02E+13

6.02E+12

1.33E+07

6.72E+11

3.00E+12

4.80E+I2

2.40E+12

2.60E+12

9.60E+ 11

1.10E+21

2.50E+15

1.73E+05

1.33E+13

7.70E+07

3.43E+07

1.75E+11

3.12E+06

6.02E+13

9.64E+03

2.22E+00

4.00E+09

6.0(O+12

8.00E+12

1.00E+16

.0

4.6

4.6

.0

.0

.0

.0

.0

.0

.0

.0

.7

.0

.0

.8

.0

.0

.0

.0

.0

-.3

.0

.0

.0

.0

-1.2

.0

2.5

.0

1.7

1.7

.7

2.0

.0

2.6

3.5

1.2

.0

.0

.0

1500.0

-.4243.0

-4243.0

4170.0

-397.0

61500.0

19000.0

7700.0

110000.0

85000.0

.0

6000.0

-930.0

18500.0

59810.0

.0

.0

.0

.0

.0

-262.0

.0

.0

-131.0

-131.0

97710.0

87580.0

2490.0

3261.0

633.7

-192.8

5883.0

-298.0

47600.0

13900.0

5675.0

2400.0

1900.0

.0

73000.0



188.C4H8+H<=>H2+C4H6+H

189. C4H8+O<=>OH+C4H6+H

190. C4H8+OH<=>H20+C4H6+H

191. C4H8+CH3<=>CH4+C4H6+H

192. C5I-I10<=>C3H5+C2H5

193. C5H10<=>C3H6+C2H4

194. C5H10+H<=>H2+C4H6+CH3

195. C5I-I 10_<=>OFF+CTH6+CH3

1961 _I0_H<=>_0_4H6_

197. C5H10+CH3<=_H4_4H6+CH3

198. c6H12<=>2C3H6 ....

199. C6Hi 2<=>C3H5+C2H4+CH3

200. C6H 12+H<=>C3H6+C2H4+CH3

201. C6H12+H<=>2C2H4+C2H5

202. C6H 12+H<=>I-I2+C4H6+C2H5

203. C6H 12_<=>OH_4_,_Iq6+C2H5

204. C6H12+OH<=>H20+C4H6+C2H5

205. C6H 12+CH3<=>CH4+C4H6+C2H5

206. C3H5+HCO<=>C3H6+CO

207. C3H5+CH20<=>C3H6+HCO

208. C3H5+C2H6<=>C3H6+C2H5

209. C3H6+C2H3<=>C3H5+C2H4

210. 2C3H5<=>C3H4+C3H6

211.2C3H5<=>C6H10

212. C4H8+H<=>C2H4+C2H5

213. C4H8+H<=>C3H6+CH3

214. C5H10+H<=>2C2H4+CH3

215. C5H10+H<=>C3H6+C2H5

216. PC4H9<=>C2H5+C2H4

217. PC4H9<=>H+C4H8

218. NC3H7<=>CH3+C2H4

219. NC3H7<=>H+C3H6

220. C7H16<=>H+AC7H15

221. C71TI6<=>H+BC7H 15

222. C7H16<=>H+XC7H15

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

C7H!6<=>H+DC7H15

C7H 16<=>CH3+AC6H 13

C7H16<=>C2H5+AC5H11

C7H16<=>NC3H7+PC4H9

C7H16+H<=>H2+AC7H15

C7H 16+OH<=>I-I20+AC7H 15

C7H 16+CH3<=>C 4+AC7HI 5

C7H16+O<=>AC7HI 5+OH

C7H16+H<=>BC7H15+H2

C7H16+OH<=>I-I20+BC7H15

1.15E+05

1.32E+14

2.25E+13

2.50E+ 11

1,00E+16

3.16E+12

I.I5E+O5

2.5 2490.0

.0 5190.0

.0 2217.0

.0 8318.0

.0 71340.0

.0 57040.0

2.5 2490.0

5190.0

22i7.0

8318.0

57430.0

70740.0

1302.0

1302.0

2490.0

5190.0

2217.0

8318.0

.0

1.8 18180.0

3.3 19830.0

3.5 4679.0

.0 -263.0

.0 -263.0

.0 1302.0

.0 1302.0

.0 1302.0

.0 1302.0

.0 28800.0

.o 3 .o

.0 31070.0

.0 37045.0

.0 100600.0

.0 98090.0

.0 98090.0

.0 98090.0

.0 87300.0

.0 85400.0

.0 84900.0

.0 9370.0

1.8 974.0

.0 13600.0

2.4 5505.0

.0 7959.0

2.0 -596.0

1.32E+14 .0

2, SE+i3 .o
Z50E+il .0

3.98E+i 2 _0

7.94E+15 .0

7.23E+12 .0

7.23E+12 .0

1.15E+05 2.5

i.32E+i4 .0

2.25E+13 .0

2.50E+I 1 .0

6.00E+13 .0

1.45E+08

2.35E+02

2.22E+00

8.43E+10

1.02E+13

7.23E+12

7.23E+12

7.23E+12

7.23E+12

2.50E+13

1.30E+13

9.60E+13

1.25E+14

1.80E+16

1.20E+16

1.20E+16

6.00E+!5

4.00E+17

4.00E+17

2.00E+17

1.32E+14

1.74E+07

5.01E+l 1

2.88E+06

1.96E+14

3.80E+06

176
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233.
234.
235.
236.
237.
238.
239.
240.
241.
242.
243.
244.
245.
246.
247.
248.
249.
250.
251.
252.
253.
254.

255.
256.
257.
258.
259.
260.
261.
262.
263.

C7H16+O<=>BC7H15+OH
C7H16+CH3<=>CH4+BC7H15
C7H16+C3H5<=>C3H6+BC7H15
C7H16+H<=>XC7H15+H2
C7H16+O<=>XC7H15+OH
C7H16+OH<=>XC7H15+H20
C7H16+CH3<=>XC7H15+CH4
C7H16+C3H5<=>C3H6+XC7H15
C7H16+H<=>DC7H15+H2
C7H16+O<=>DC7H15+OH
C7H16+OH<=>DC7H15+H20
C7H16+CH3<=>DC7H15+CH4
C7H16+C3H5<=>C3H6+DC7H15
AC7H15<=>C2H4+AC5H11
BC7H15<=>C3H6+PC4H9
XC7H15<=>C4HS+NC3H7
XC7H15<=>C6H12+CH3
DC7H15<=>C5H10+C2H5
AC7H15<=>BC7I-I15
AC7H15<=>XC7H15
AC7H15<=>DC7H15
BC7H15<=>XC7H15
ReverseArrheniuscoefficients:
AC5H1I<=>NC3H7+C2H4
AC6H13<=>PC4H9+C2H4
N+NO<=>N2+O
N+O2<=>NO+O
N+OH<=>NO+H
N20+O<-->N2+O2
N20+O<=>2NO
N20+H<->N2+OH
N20+OH<=>N2+HO2

264.N20(+M)<=>N2+O(+M)
Low pressure limit: .62000E+15 .00000E+00

I-I2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CO Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01
265.

266.

HO2+NO<=>NO2+OH

NO+O+M<=>NO2+M

H2 Enhanced by

1-/_20 Enhanced by

2.000E+00

6.000E+00

2.77E+05 2.6 1910.0

4.27E+11 .0 10500.0

1.57E+02 3.3 18160.0

1.57E+14 .0 7959.0

2.21E+05 2.6 1910.0

4.37E+06 2.0 -1312.0

3.42E+11 .0 10500.0

1.57E+02 3.3 18160.0

9.80E+13 .0 7959.0

1.38E+05 2.6 1910.0

4.37E+06 2.0 -1312.0

2.14E+11 .0 10500.0

7.83E+01 3.3 18160.0

2.50E+13 .0 28800.0

1.60E+13 .0 28300.0

1.50E+13 .0 29100.0

2.40E+13 .0 33000.0

1.08E+13 .0 28000.0

2.00E+ll .0 11100.0

2.00E+l 1 .0 18100.0

2.00E+ll .0 20000.0

2.00E+l 1 .0 20000.0

2.00E+l 1 .0 20000.0

2.50E+13 .0 28800.0

2.50E+13 .0 28800.0

3.50E+13 .0 330.0

2.65E+12 .0 6400.0

7.33E+13 .0 1120.0

1.40E+12 .0 10810.0

2.90E+13 .0 23150.0

4.40E+14 .0 18880.0

2.00E+12 .0 21060.0

1.30E+l 1 .0 59620.0

.56100E+05

2.11E+12 .0 -480.0

1.06E+20 -1.4 .0
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CH4 Enhancedby 2.000E+00
CO Enhancedby 1.500E+00
CO2 Enhancedby 2.000E+00
C2H6 Enhancedby 3.000E+00
AR Enhancedby 7.000E-01

267.NO2+O<=>NO+O2
268.NO2+H<=>NO+OH
269.NH+O<=>NO+H
270.NH+H<=>N+_
271.NH+OH<=>HNO+H
272.NH+OH<=>N+_O
273.NI-I+O2<=>HNO+O
274.NH+O2<=>NO+OH
275.NH+N<=>N2+H
276.NH+H.20<=>HNO+H2
277._+NO<=>N2_H
278.NH+NO<=>N20+H
279.NH2+O<=>OH+NH
280.NH2+O<=>H+HNO
281.NI-I2+H<=>NH+I--I2
282.NH2+OH<=>NI--I+H20
283.NNH<=>N2+H
284.NNH+M<=>N2+H+M

285.
286.
287.
288.
289.
290.
291.

292.

H2 Enhancedby 2.000E+00
I-I20 Enhancedby 6.000E+00
CH4 Enhancedby 2.000E+00
CO Enhancedby 1.500E+00
CO2 Enhancedby 2.000E+00
C2H6 Enhancedby 3.000E+00
AR Enhancedby 7.000E-01
NNH+O2<=>HO2+N2
NNH+O<=>OH+N2
NNH+O<=>NH+NO
NNH+H<=>H2+N2
NNH+OH<=>H20+N2
NNH+CH3<=>CH4+N2
H+NO+M<=>HNO+M
H2 Enhancedby
H20 Enhancedby
CH4 Enhancedby
CO Enhancedby
CO2 Enhancedby
C2H6 Enhancedby
AR Enhanced by

HNO+O<=>NO+OH

3.90E+12 .0 -240.0

1.32E+i4 .0 360.0

5.00E+13 .0 .0
3.20E+13 .0 330.0

2.00E+13 .0 .0

2.00E+09 1.2 .0

4.61E+05 2.0 6500.0

1.28E+06 1.5 100.0

1.50E+13 : .0 .0

2.00E+i3 .0 13850.0

2'16_+13 -.2 .0

4.16E+14 -.5 .0
7.00E+12 .0 .0

4.60E+13 .0 .0

4.00E+13 .0 3650.0

9.00E+07 1.5 -460.0

3.30E+08 .0 .0

1.30E+14 -.1 4980.0

5.00E+12

2.50E+13

7.00E+13

5.00E+13

2.00E+13

2.50E+13

8.95E+19

2.000E+00

6.000E+00

2.000E+00

1.500E+00

2.000E+00

3.000E+00

7.000E-01

.0 .0

.0 .0

.0 .0

.0 .0

.0 .0

.0 .0

-1.3 740.0

2.50E+13 .0 .0
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293.
294.
295.
296.
297.
298.
299.
300.
301.
302.
303.
304.
305.
306.

307.
308.
309.

310.
311.
312.
313.
314.
315.
316.

HNO+H<=>H2+NO

HNO+OH<=>NO+H20

HNO+O2<=>HO2+NO

CN+O<=>CO+N

CN+OH<=>NCO+H

CN+H20<=>HCN+OH

CN+O2<=>NCO+O

CN+H2<=>HCN+H

NCO+O<=>NO+CO

NCO+H<=>NH+CO

NCO+OH<=>NO+H+CO

NCO+N<=>N2+CO

NCO+O2<=>NO+CO2

NCO+M<=>N+CO+M

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CO Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01
NCO+NO<=>N20+CO

NCO+NO<=>N2+CO2

HCN+M<=>H+CN+M

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CO Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01
HCN+O<=>NCO+H

HCN+O<=>NH+CO

HCN+O<=>CN+OH

HCN+OH<=>HOCN+H

HCN+OH<=>HNCO+H

HCN+OH<=>NH2+CO

H+HCN+M<=>H2CN+M

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CO Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01

4.50E+11

1.30E+07

1.00E+13

7.70E+13

4.00E+13

8.00E+12

6.14E+12

2.10E+13

2.35E+13

5.40E+13

2.50E+ 12

2.00E+13

2.00E+12

8.80E+16

2.85E+17

5.70E+ 18

1.04E+29

1. I 1E+04

2.77E+03

2.13E+09

1.10E+06

4.40E+03

1.60E+02

1.40E+26

.7

1.9

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

-.5

-1.5

-2.0

-3.3

2.6

2.6

1.6

2.0

2.3

2.6

-3.4

660.0

-950.0

13000.0

.0

.0

7460.0

-440.0

4710.0

.0

.0

.0

.0

20000.0

48000.0

740.0

800.0

126600.0

4980.0

4980.0

26600.0

13370.0

6400.0

9000.0

1900.0
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317. I-I2CN+N<=>N2+CH2

318. CH+N2<=>HCN+N

319. C H+N2(+M) <= >H-C-NN (+M)

Low pressure limit: .i3000i_+26

TROE centering: .66700E+00

!-I2 Enhanced by

H20 Enlianced by

6.00E+13

2.86E+08

3_10E-+i2 .1

-.31600E+01 .74000E+03

.23500E+03 .2117()E+04

2.000E+00 ==-

6.000E+00 =

.0 400.0

1.1 20400.0

.0

.45360E+04

CO Enhanced by 1.500E+CY) -

CO2 Efi{ianced by 2.000E+00

C2H6 _fiaiiced by 3.000E+00 - =-

AR Enhanced by 7.000E-01

320. CH2+N2<=>HCN+NH 1.00E+13 .0 74000.0

321. CH2(S)+N2<=>NH+HCN 1.00E+I 1 .0 65000.0

322. CH+NO<=>HCN+O 5.00E+13 .0 .0

323. CH+NO<=>H+NCO 2.00E+13 .0 .0

324. CH+NO<=>N+HCO 3.00E+13 .0 .0

325. CH2+NO<=>H+HNCO 3.10E+17 -1.4 1270.0

326. CH2+NO<=>OH+HCN 2.90E+14 -.7 760.0

327. CI-I2+NO<=>H+HCNO 3.80E+13 -.4 580.0

328. CH2(S)+NO<=>H+HNCO 3.10E+17 -1.4 1270.0

329. CH2(S)+NO<=>OH+HCN 2.90E+14 -.7 760.0

330. CH2(S)+NO<->H+HCNO 3.80E+13 -.4 580.0

331. CH3+NO<=>HCN+H20 9.60E+13 .0 28800.0

332. CH3+NO<=>H2CN+OH 1.00E+12 .0 21750.0

333. HCNN+O<=>CO+H+N2 2.20E+13 .0 .0

334. HCNN+O<=>HCN+NO 2.00E+12 .0 .0

335. HCNN+O2<=>O+HCO+N2 1.20E+13 .0 .0

336. HCNN+OH<=>H+HCO+N2 1.20E+13 .0 .0

337. HCNN+H<=>CH2+N2 1.00E+14 .0 .0

338. HNCO+O<=>NH+CO2 9.80E+07 1.4 8500.0

339. HNCO+O<=>HNO+CO 1.50E+08 1.6 44000.0

340. HNCO+O<=>NCO+OH 2.20E+06 2.1 11400.0

341. HNCO+H<=>NH2+CO 2.25E+07 1.7 3800.0

342. HNCO+H<=>I-I2+NCO 1.05E+05 2.5 13300.0

343. HNCO+OH<=>NCO+H20 4.65E+12 .0 6850.0

344. HNCO+OH<=>NH2+CO2 1.55E+12 .0 6850.0

345. HNCO+M<=>NH+CO+M 1.18E+16 .0 84720.0

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CO Enhanced by 1.500E+00

CO2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01



346.HCNO+H<=>H+HNCO
347. HCNO+H<=>OH+HCN

348. HCNO+H<=>NH2+CO

349. HOCN+H<=>H+HNCO

350. CH3+N<=>H2CN+H
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Figure B. 1: Perfectly-stirred reactor residence time plot.



183

B.1 EquivalenceRatio Comparison

As noted in the previous discussion,the residencetime for a stoichiometric

mixture wasscaledto reflect the primary equivalenceratio suppliedto theLDI burner.

TheNO is thenscaledby thesameequivalenceratio to dilute thestoichiometricproducts

with excessair. As FigureB.2 demonstrates,a remarkablecomparisonis achieved.Note

that the referencecondition of Op=0.9is the normalizationpoint for the residencetime,

thusmatchingthe NO (ppm) level at this stoichiometry. To bettercomparewith the _2

scalingdemonstratedin Chapter6, FigureB.3 depictsthecorrelation achievedwhenthe

residencetime (analogousto theequivalenceratio) is squaredandthe resultscomparedto

the actual data. The PSR adequatelypredictsthe scaling of NO over this range of

equivalence ratios. Unfortunately, the residence times associated with this correlation are

on the order of 1 las, which is an unrealistic time scale for the LDI flame. A realistic time

scale, based on the exit velocity and combustion temperature would be -0.1 ms. We

recognize this limitation and do not wish to overemphasize the correlations found in this

appendix.

B.2 Preheat Comparison

To model the LDI preheat conditions, the adiabatic temperatures for the varying

preheat temperatures were calculated and substituted into the constant temperature PSR

code. The residence time was chosen based on the nominal 375-K air preheat, 4-atm,

%=0.9 case, as above. The results are shown in Figure B.4. The shift in NO between the

curves results only from the repeatability of the LDI measurements. In this data set, the

0p---0.9 NO level was ~39 ppm as opposed to ~46 ppm. Again, we see exceptional

qualitative and quantitative comparisons.
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B.3 PressureComparison

A lastcomparisonis thatof thepressurescalingmeasuredin theLDI flames. To

performthis comparison,theadiabaticflametemperatureswerecalculatedat thedifferent

pressures,and theresidencetimeswere scaledbasedon the flow scalingwith pressure

actually usedin the experiments. Thesevalueswere usedin the constanttemperature

PSRcodeandthe resultsareshownin Figure B.5. The PSR model does not accurately

represent the measured trend for the LDI burner. Nevertheless, the qualitative trend is

consistent in that the NO level increases with pressure.

B.4 Additional Sandia Models

Recognizing that the time scales predicted by the PSR code are several orders of

magnitude too small, we attempted four other simulations using perfectly-stirred reactors

and plug-flow reactors (PFR). These are delineated below:

o

2.

o

4.

PSR with full energy equation solution, i.e., not constant temperature

PSR with full energy solution and heat loss to constrain maximum

temperature

PFR with full energy equation solution

PFR with specified temperature profile

Each of these simulations produced similar residence times for the production of -46

ppm of NO, namely 1 to 30 las. We have concluded that the LDI burner cannot be

simplistically modeled with either the PSR or PFR codes to produce realistic pollutant

levels and time scales. We therefore have to approach the LDI burner from a more

computationally demanding viewpoint.
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B.5 RECModeling

With the recognition that time-averaged,spatially-resolvedNO concentration

measurementsyield limited information about the NO formation mechanismand its

intricate dependenceon the pressure,stoichiometry,and air preheattemperatures,we

haveworked with Dr. JohnAbraham to numerically model the spray combustion event.

Using the REC code (Magi, 1987), we have simulated cold-flow air conditions to match

the swirl geometry and are currently simulating combusting air plus gaseous fuel

conditions. The time required to run the simulations prohibits complete analysis via the

computational model. Nevertheless, the results obtained thus far are presented here.

The simulations were performed in a cylindrical volume matching the dimensions

of the pressure vessel interior, with a constant pressure boundary at the exit and swirling

air issuing into the chamber at an angle similar to the LDI burner exit. Several iterations

were performed to simulate the 5-atm operating conditions, with the end result shown in

Figure B.6 as a vector plot of the cold-flow velocity profiles. The combusting case is

shown in figure B.7 at a time of 70 ms into the simulation. The cold-flow plot

demonstrates the expected recirculation zone for swirl-stabilized flow. The combusting

case, however, does not yield a recirculation zone at this time. Either the code has not

reached a steady-state operating condition, or the addition of heat from combustion

inhibits the formation of a recirculation zone.

The temperature and NO profiles for the 70-ms case are pictured in Figures B.8

and B.9, respectively. It is too early in the simulation to make conclusive statements

regarding the utility of the REC code to predict the LDI characteristics, particularly with

the absence of a recirculation zone in the combusting case. These simulations should be

deferred to a full-time research project in order to yield a general insight into the

combustion of swirl-stabilized spray flames. General simulated trends in the NO

concentrations can be compared to the measured trends. The additional information

provided by temperature, species, and velocity profiles should provide valuable insight

into the actual NO formation mechanism and improve our understanding of the

combustion of swirling sprays.
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Figure B.6: Cold-flow velocity vector plot of REC simulation.
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Figure B.7: Combusting-flow velocity vector plot of REC simulation.
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Figure B.8: Combusting-flow temperature contour plot of REC simulation.
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